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ABSTRACT
Aims. We study the intra-cluster magnetic field in the poor galaxy cluster Abell 194 by complementing radio data, at different frequencies,
with data in the optical and X-ray bands.
Methods. We analyze new total intensity and polarization observations of Abell 194 obtained with the Sardinia Radio Telescope (SRT). We use
the SRT data in combination with archival Very Large Array observations to derive both the spectral aging and Rotation Measure (RM) images
of the radio galaxies 3C 40A and 3C 40B embedded in Abell 194. To obtain new additional insights in the cluster structure we investigate the
redshifts of 1893 galaxies, resulting in a sample of 143 fiducial cluster members. We analyze the available ROSAT and Chandra observations
to measure the electron density profile of the galaxy cluster.
Results. The optical analysis indicates that Abell 194 does not show a major and recent cluster merger, but rather agrees with a scenario of
accretion of small groups, mainly along the NE-SW direction. Under the minimum energy assumption, the lifetimes of synchrotron electrons
in 3C40B measured from the spectral break are found to be 157±11 Myrs. The break frequency image and the electron density profile inferred
from the X-ray emission are used in combination with the RM data to constrain the intra-cluster magnetic field power spectrum. By assuming
a Kolmogorov power law power spectrum with a minimum scale of fluctuations of Λmin = 1 kpc, we find that the RM data in Abell 194 are
well described by a magnetic field with a maximum scale of fluctuations of Λmax = (64 ± 24) kpc. We find a central magnetic field strength of
〈B0〉 = (1.5 ± 0.2) µG, the lowest ever measured so far in galaxy clusters based on Faraday rotation analysis. Further out, the field decreases
with the radius following the gas density to the power of η=1.1±0.2. Comparing Abell 194 with a small sample of galaxy clusters, there is a
hint of a trend between central electron densities and magnetic field strengths.
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1. Introduction
Galaxy clusters are unique laboratories for the investigation
of turbulent fluid motions and large-scale magnetic fields (e.g.
Carilli & Taylor 2002, Govoni & Feretti 2004, Murgia 2011).
In the last few years, several efforts have been focused to deter-
mine the effective strength and the structure of magnetic fields
in galaxy clusters and this topic represents a key project in
view of the Square Kilometre Array (e.g. Johnston-Hollitt et
al. 2015).
Synchrotron radio halos at the center of galaxy clusters (e.g.
Feretti et al. 2012, Ferrari et al. 2008) provide a direct evidence
of the presence of relativistic particles and magnetic fields as-
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sociated with the intra-cluster medium. In particular, the de-
tection of polarized emission from radio halos is the key to
investigate the magnetic field power spectrum in galaxy clus-
ters (Murgia et al. 2004, Govoni et al. 2006, Vacca et al. 2010,
Govoni et al. 2013, Govoni et al. 2015). However, detecting this
polarized signal is a very hard task with current radio facilities
and so far only three examples of large-scale filamentary po-
larized structures possibly associated with halo emission have
been detected (A2255; Govoni et al. 2005, Pizzo et al. 2011,
MACS J0717.5+3745; Bonafede et al. 2009, A523; Girardi et
al. 2016).
Highly polarized elongated radio sources named relics are
also observed at the periphery of merging systems (e.g. Clarke
& Ensslin 2006, Bonafede et al. 2009b, van Weeren et al.
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2010). They trace the regions where the propagation of mildly
supersonic shock waves compresses the turbulent intra-cluster
magnetic field enhancing the polarized emission and acceler-
ating the relativistic electrons responsible for the synchrotron
emission.
A complementary set of information on galaxy cluster mag-
netic fields can be obtained from high quality RM images of
powerful and extended radio galaxies. The presence of a mag-
netized plasma between an observer and a radio source changes
the properties of the incoming polarized emission. In particular,
the position angle of the linearly polarized radiation rotates by
an amount that is proportional to the line integral of the mag-
netic field along the line-of-sight times the electron density of
the intervening medium, i.e. the so-called Faraday rotation ef-
fect. Therefore, information on the intra-cluster magnetic fields
can be obtained, in conjunction with X-ray observations of the
hot gas, through the analysis of the RM of radio galaxies in the
background or in the galaxy clusters themselves. RM studies
have been performed on statistical samples (e.g. Clarke et al.
2001, Johnston-Hollitt & Ekers 2004, Govoni et al. 2010) as
well as individual clusters (e.g. Perley & Taylor 1991, Taylor
& Perley 1993, Feretti et al. 1995, Feretti et al. 1999, Taylor
et al. 2001, Eilek & Owen 2002, Pratley et al. 2013). These
studies reveal that magnetic fields are widespread in the intra-
cluster medium, regardless of the presence of a diffuse radio
halo emission.
The RM distribution seen over extended radio galaxies is
generally patchy, indicating that magnetic fields are not reg-
ularly ordered on cluster scales, but instead they have turbu-
lent structures down to linear scales as small as a few kpc or
less. Therefore, RMmeasurements probe the complex topology
of the cluster magnetic field and indeed state-of-the-art soft-
ware tools and approaches based on a Fourier domain formula-
tion have been developed to constrain the magnetic field power
spectrum parameters on the basis of the RM images (Enßlin
& Vogt 2003, Murgia et al., 2004, Laing et al. 2008, Kuchar
& Enßlin 2011, Bonafede et al. 2013). In some galaxy clusters
and galaxy groups containing radio sources with very detailed
RM images, the magnetic field power spectrum has been esti-
mated (e.g. Vogt & Enßlin 2003, Murgia et al. 2004, Vogt &
Enßlin 2005, Govoni et al. 2006, Guidetti et al. 2008, Laing
et al. 2008, Guidetti et al. 2010, Bonafede et al. 2010, Vacca et
al. 2012). RM data are usually consistent with volume averaged
magnetic fields of≃0.1-1 µG over 1Mpc3. The central magnetic
field strengths are typically a few µG, but stronger fields, with
values exceeding ≃10µG, are measured in the inner regions of
relaxed cooling core clusters. There are several indications that
the magnetic field intensity decreases going from the centre to
the periphery following the cluster gas density profile. This has
been illustrated by magneto-hydrodynamical simulations (see
e.g. Dolag et al. 2002, Bru¨ggen et al. 2005, Xu et al. 2012,
Vazza et al. 2014) and confirmed in RM data.
In this paper we aim at improving our knowledge of the
intra-cluster magnetic field in Abell 194. This nearby (z=0.018;
Struble & Rood 1999) and poor (richness class R = 0; Abell et
al. 1989) galaxy cluster belongs to the SRT Multi-frequency
Observations of Galaxy clusters (SMOG) sample, an early sci-
ence program of the new SRT radio telescope. For our purpose,
we investigated the total intensity and the polarization prop-
erties of two extended radio galaxies embedded in Abell 194,
in combination with data in optical and X-ray bands. The pa-
per is organized as follows. In Sect. 2, we describe the SMOG
project. In Sect. 3, we present the radio observations and the
data reduction. In Sect. 4, we present the radio, optical and X-
ray properties of Abell 194. In Sect. 5, we complement the SRT
total intensity data with archival VLA observations to derive
spectral aging information of the radio galaxies. In Sect. 6, we
complement the SRT polarization data with archival VLA ob-
servations to derive detailed multi-resolution RM images. In
Sect. 7, we use numerical simulations to investigate the clus-
ter magnetic field, by analyzing the RM and polarization data.
Finally, in Sect. 8 we summarize our conclusions.
Throughout this paper we assume a ΛCDM cosmology
with H0 = 71km s
−1Mpc−1, Ωm = 0.27, and ΩΛ = 0.73. At the
distance of Abell 194, 1′′ corresponds to 0.36 kpc.
2. The SRT Multi-frequency Observations of
Galaxy Clusters (SMOG)
The SRT is a new 64-m single dish radio telescope located
north of Cagliari, Italy. In its first light configuration, the SRT
is equipped with three receivers: a 7-beam K-Band receiver
(18−26 GHz), a mono-feed C-Band receiver (5700−7700
GHz), and a coaxial dual-feed L/P-Band receiver (305−410
MHz, 1300−1800 MHz).
The antenna was officially opened on September 30th 2013,
upon completion of the technical commissioning phase (Bolli
et al. 2015). The scientific commissioning of the SRT was car-
ried out in the period 2012-2015 (Prandoni et al., submitted). At
the beginning of 2016 the first call for single dish early science
programs was issued, and the observations started on February
1st, 2016.
The SMOG project is an SRT early science program (PI
M. Murgia) focused on a wide-band and wide-field single
dish spectral-polarimetric study of a sample of galaxy clusters.
By comparing and complementing the SRT observations with
archival radio data at higher resolution and at different frequen-
cies, but also with data in optical and X-ray bands, we want to
improve our knowledge of the non-thermal components of the
intra-cluster medium on large scale. Our aim is also to under-
stand the interplay between these components (relativistic par-
ticles and magnetic fields) and the life-cycles of cluster radio
galaxies by studying both the spectral and polarization prop-
erties of the radio sources with the SRT (see e.g. the case of
3C 129; Murgia et al. 2016). For this purpose, we selected a
suitable sample of nearby galaxy clusters known from the lit-
erature to harbor diffuse radio halos, relics, or extended radio
galaxies.
We included Abell 194 in the SMOG sample because it is
one of the rare clusters hosting more than one luminous and
extended radio galaxy close to the cluster center. In particu-
lar, it hosts the radio source 3C 40 (PKS 0123-016) which is
indeed constituted by two radio galaxies with distorted mor-
phologies (3C40A and 3C 40B). This galaxy cluster has been
extensively analyzed in the literature with radio interferome-
ters (e.g. O’Dea & Owen 1985, Jetha et al. 2006, Sakelliou et
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Table 1. Details of the SRT observations centered on Abell 194 (RAJ2000 = 01
h25m59.9s; DECJ2000 = −01◦20′33′′).
Frequency Resolution Time on Source SRT Proj. Obs. Date OTF Mapping Calibrators
(MHz) (′) (minutes)
6000−7200 2.9 32 S0001 1-Feb-2016 1RA 3C 138, 3C 84
6000−7200 2.9 384 S0001 3-Feb-2016 6RA×6DEC 3C 138, 3C 286, 3C 84
6000−7200 2.9 448 S0001 6-Feb-2016 7RA×7DEC 3C 286, 3C 84
Col. 1: SRT frequency range; Col. 2: SRT resolution; Col. 3: Time on source; Col. 4: SRT project name;
Col. 5: Date of observation; Col. 6: Number of images on the source; Col. 7: Calibrators.
al. 2008, Bogda´n et al. 2011). Here we present, for the first
time, total intensity and polarization single-dish observations
obtained with the SRT at 6600 MHz. The importance of map-
ping the radio galaxies in Abell 194 with a single dish is that,
interferometers suffer the technical problem of not measur-
ing the total power; the so-called missing zero spacing prob-
lem. Indeed, they filter out structures larger than the angular
size corresponding to their shortest spacing, limiting the syn-
thesis imaging of extended structures. Single dish telescopes
are optimal for recovering all of the emission on large angu-
lar scales, especially at high frequencies (>1 GHz). Although
single dishes typically have a low resolution, the radio galaxies
at the center of Abell 194 are sufficiently extended to be well
resolved with the SRT at 6600 MHz at the resolution of 2.9′.
The SRT data at 6600 MHz are used in combination with
archival Very Large Array observations at lower frequencies to
derive the trend of the synchrotron spectra along 3C 40A and
3C 40B. In addition, linearly polarized emission is clearly de-
tected for both sources and the resulting polarization angle im-
ages are used to produce detailed RM images at different angu-
lar resolutions. 3C 40B and 3C 40A are quite extended both in
angular and linear size, therefore they represent ideal cases for
studying the RM of the cluster along different lines-of-sights.
In addition, the close distance of Abell 194 permits a detailed
investigation of the cluster magnetic field structure. Following
Murgia et al. (2004) we simulated Gaussian random magnetic
field models, and we compared the observed data and the syn-
thetic images with a Bayesian approach (Vogt & Enßlin 2005),
in order to constrain the strength and structure of the magnetic
field associated with the intra-cluster medium. Until recently,
most of the work on cluster magnetic fields has been devoted to
rich galaxy clusters. Little attention has been given in the litera-
ture to magnetic fields associated with poor galaxy clusters like
Abell 194 and galaxy groups (see e.g. Laing 2008, Guidetti et
al. 2008, Guidetti et al. 2010). Magnetic fields in these system
deserve to be investigated in detail since, being more numer-
ous, are more representative than those of rich clusters.
3. Radio observations and data reduction
3.1. SRT observations
We observed with the SRT, for a total exposure time of
about 14.4 hours, an area of 1deg×1deg centered on the
galaxy cluster Abell 194 using the C-Band receiver. Full-
Stokes parameters were acquired with the SARDARA back-
end (SArdinia Roach2-based Digital Architecture for Radio
Astronomy;Melis et al., submitted), one of the back-ends avail-
able at the SRT (Melis et al. 2014). We used the correlator
configuration with 1500 MHz and 1024 frequency channels
of approximately 1.46MHz in width. We observed in the fre-
quency range 6000−7200 MHz, at a central frequency of 6600
MHz. We performed several on-the-fly (OTF) mappings in the
equatorial frame alternating the right ascension (RA) and dec-
lination (DEC). The telescope scanning speed was set to 6 ar-
cmin/s and the scans were separated by 0.7′ to properly sample
the SRT beam whose full width at half maximum (FWHM)
is 2.9′ in this frequency range. We recorded the data stream
sampling at 33 spectra per second, therefore individual samples
were separated on the sky by 10.9′′ along the scanning direc-
tion. A summary of the SRT observations is listed in Table 1.
Data reduction was performed with the proprietary Single-dish
Spectral-polarimetry Software (SCUBE; Murgia et al. 2016).
Band-pass, flux density, and polarization calibration were
done with at least four cross scans on source calibrators per-
formed at the beginning and at the end of each observing sec-
tion.
Band-pass and flux density calibration were performed by
observing 3C 286 and 3C 138, assuming the flux density scale
of Perley & Butler (2013). After a first bandpass and flux den-
sity calibration cycle, persistent radio frequency interference
(RFI) were flagged using observations of a cold part of the sky.
The flagged data were then used to repeat the bandpass and the
flux density calibration for a finer RFI flagging. The procedure
was iterated a few times, eliminating all of the most obvious
RFI. We applied the gain-elevation curve correction to account
for the gain variation with elevation due to the telescope struc-
ture gravitational stress change.
We performed the polarization calibration by correcting the
instrumental polarization and the absolute polarization angle.
The on-axis instrumental polarization was determined through
observations of the bright unpolarized source 3C 84. The leak-
age of Stokes I into Q and U is in general less than 2% across
the band, with a rms scatter of 0.7 − 0.8%. We fixed the ab-
solute position of the polarization angle using as reference the
primary polarization calibrator 3C286 and 3C 138. The differ-
ence between the observed and predicted position angle ac-
cording to Perley & Butler (2013) was determined, and cor-
rected channel-by-channel. The calibrated position angle was
within the expected value of 33◦ and −11.9◦ for 3C 286 and
3C 138, respectively, with a rms scatter of ±1◦.
In the following we describe the total intensity and the po-
larization imaging. For further details on the calibration and
data handling of the SRT observations see Murgia et al. (2016).
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Table 2. Details of VLA archival observations of Abell 194 analyzed in this paper.
Frequency VLA Config. Bandwidth Time on Source VLA Proj. Obs. Date Calibrators
(MHz) (MHz) (minutes)
C-Band
4535/4885 D 50 15 AC557 01-Oct-2000 3C 48, 3C 138, 0122−003
L-Band
1443/1630 C 12.5 142 AV102 02-Jun-1984 3C 48, 3C 138, 0056−001
1443/1630 D 25 82 AV112A 31-Jul-1984 3C 286, 0106+013
1465/1515 D 25 9 AL252 18-Sep-1992 3C 48, 3C 286, 0056−001
P-Band
327.5/333.0 B 3.125 316 AE97 16-Aug-1994 3C 48
327.5/333.0 C 3.125 40 AE97 20-Nov-1994 3C 48
Col. 1: Observing frequency (IF1/IF2); Col. 2: VLA configuration; Col. 3: Observing bandwidth; Col. 4: Time on source;
Col. 5: VLA project name; Col. 6: Date of observation; Col. 7: Calibrators.
3.1.1. Total intensity imaging
The imagingwas performed in SCUBE by subtracting the base-
line from the calibrated telescope scans and by projecting the
data in a regular three-dimensional grid. At 6600 MHz we used
a spatial resolution of 0.7′/pixel (corresponding to the separa-
tion of the telescope scans), which is enough in our case to
sample the beam FWHM with four pixels.
As a first step, the baseline was subtracted by a linear fit
involving only the 10% of data at the beginning and the end
of each scan. The baseline removal was performed channel-by-
channel for each scan. All frequency cubes obtained by grid-
ding the scans along the two orthogonal axes (RA and DEC)
were then stacked together to produce full-Stokes I, Q, U im-
ages of an area of 1 square degree centered on the galaxy cluster
Abell 194. In the combination, the individual image cubes were
averaged and de-stripped by mixing their Stationary Wavelet
Transform (SWT) coefficients (see Murgia et al. 2016, for de-
tails). We then used the higher Signal-to-Noise (S/N) image
cubes obtained from the SWT stacking as a prior model to re-
fine the baseline fit. The baseline subtraction procedure was
then repeated including not just the 10% from the begin and
the end of each scan. In the refinement stage, the baseline was
represented with a 2nd order polynomial using the regions of
the scans free of radio sources. A new SWT stacking was then
performed and the process was iterated a few more times until
the convergence was reached.
Close to the cluster center, the dynamical range of the C-
Band total intensity image was limited by the telescope beam
pattern rather than by the image sensitivity. We used in SCUBE
a beam model pattern (Murgia et al. 2016) for a proper decon-
volution of the sky image from the antenna pattern. The de-
convolution algorithm interactively finds the peak in the image
obtained from the SWT stacking of all images, and subtracts
a fixed gain fraction (typically 0.1) of this point source flux
convolved with the re-projected telescope “dirty beam model”
from the individual images. In the re-projection, the exact el-
evation and parallactic angle for each pixel in the unstacked
images are used. The residual images were stacked again and
the CLEAN continued until a threshold condition was reached.
Given the low level of the beam side lobes compared to interfer-
ometric images, a shallow deconvolution was sufficient in our
case, and we decided to stop the CLEAN at the first negative
component encountered. As a final step, CLEAN components
at the same position were merged, smoothed with a circular
Gaussian beam with FWHM 2.9′, and then restored back in the
residuals image to obtain a CLEANed image.
3.1.2. Polarization imaging
The polarization imaging at C-Band of Stokes parameters Q
and U was performed following the same procedures described
for the total intensity imaging: baseline subtraction, gridding,
and SWT stacking. There were no critical dynamic range issues
with the polarization image, and thus no deconvolution was re-
quired. However, since the contribution of the off-axis instru-
mental polarization can affect the quality of polarization data
if bright sources are present in the image, we corrected for the
off-axis instrumental polarization by deconvolving the Stokes
Q and U beam patterns. In particular, SCUBE uses the CLEAN
components derived from the deconvolution of the beam pat-
tern from the total intensity image to subtract the spurious
off-axis polarization from each individual Q and U scans be-
fore their stacking. The off-axis instrumental polarization level
compared to the Stokes I peak is 0.3%.
Finally, polarized intensity P =
√
Q2 + U2 (corrected for
the positive bias), fractional polarization FPOL = P/I and po-
sition angle of polarization Ψ = 0.5 tan−1(U/Q) images were
then derived from the I, Q, and U images.
3.2. Archival VLA observations
We analyzed archival observations obtained with the VLA at
different frequencies and configurations. The details of the ob-
servations are provided in Table 2. The data were reduced using
the NRAO’s Astronomical Image Processing System (AIPS)
package.
The data in C-Band and in L-Band were calibrated in am-
plitude, phase, and polarization angle using the standard cal-
ibration procedure. The flux density of the calibrators have
been calculated accordingly to the flux density scale of Perley
& Butler (2013). Phase calibration was derived from nearby
sources, periodically observed over a wide range in parallactic
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angle. The radio sources 3C 286 or 3C 138 were used as ref-
erence for the absolute polarization angles. Phase calibrators
were also used to separate the source polarization properties
from the antenna polarizations. Imaging was performed fol-
lowing the standard procedure: Fourier-Transform, Clean and
Restore. A few cycles of self-calibration were applied when
they have proven to be useful to remove residual phase vari-
ations. Images of the Stokes parameters I, Q, and U, have
been produced for each frequency and configuration separately
providing different angular resolutions. Since the C-Band data
consist of three separate short pointings, in this case, the final
I, Q, and U images were obtained by mosaicing the three dif-
ferent pointings with the AIPS task FLATN. Finally, P, FPOL,
and Ψ images were then derived from the I, Q, and U images.
Data in P-Band were obtained in spectral line mode divid-
ing the bandwidth of 3.125 MHz in 31 channels. A data editing
was made in order to excise RFI channel by channel. We per-
formed the amplitude and bandpass calibration with the source
3C 48. The flux density of the calibrator was calculated ac-
cordingly to the low frequency coefficients of Scaife & Heald
(2012). In the imaging, the data were averaged into five chan-
nels. The data were mapped using a wide-field imaging tech-
nique, which corrects for distortions in the image caused by the
non-coplanarity of the VLA over a wide field of view. A set of
small overlapping maps was used to cover the central area of
about ∼2.4◦ in radius (Cornwell & Perley 1992). However, at
this frequency confusion lobes of sources far from the center
of the field are still present. Thus, we also obtained images of
strong sources in an area of about∼6◦ in radius, searched in the
NRAO VLA Sky Survey (NVSS; Condon et al. 1998) catalog.
All these ”facets” were included in CLEAN and used for sev-
eral loops of phase self-calibration (Perley 1999). To improve
the u-v coverage and sensitivity we combined the data sets in
B and C configuration.
4. Multi-wavelengths properties of Abell 194
In the following we present the radio, optical, and X-ray prop-
erties of the galaxy cluster Abell 194.
4.1. Radio properties
In Fig. 1, we show the radio, optical, and X-ray emission of
Abell 194. The field of view of the left panel of Fig. 1 is
≃1.3×1.3 Mpc2. In this panel, the contours of the CLEANed
radio image obtained with the SRT at 6600 MHz are overlaid
on the X-ray ROSAT PSPC image in the 0.4− 2 keV band (see
Sect. 4.3). The SRT image was obtained by averaging all the
frequency channels from 6000 MHz to 7200 MHz. We reached
a final noise level of 1 mJy/beam and an angular resolution
of 2.9′ FWHM. The radio galaxy 3C 40B, close to the clus-
ter X-ray center, extends for about 20′. The peak brightness of
3C 40B (≃600 mJy/beam) is located in the southern lobe. The
narrow angle-tail radio galaxy 3C 40A (peak brightness ≃150
mJy/beam), is only slightly resolved at the SRT resolution and
it is not clearly separated from 3C40B.
The details of the morphology of the two radio galaxies
can be appreciated in the right panel of Fig. 1, where we show
a field of view of ≃0.5×0.5Mpc2. In this panel, the contours of
the radio image obtained with the VLA at 1443 MHz are over-
laid on the optical emission of the cluster. We retrieved the opti-
cal image in the gMega band from the CADCMegapipe1 archive
(Gwyn 2008). The VLA radio image was obtained from the
L-Band data set in C configuration. It has a sensitivity of 0.34
mJy/beam and an angular resolution of 19′′. The distorted mor-
phology of the two radio galaxies 3C 40B and 3C 40A is well
visible. Both radio galaxies show an optical counterpart and
their host galaxies are separated by 4.6′ (≃ 100 kpc). The core
of the extended source 3C40B is associated with NGC547,
which is known to form a dumbbell system with the galaxy
NGC545 (e.g. Fasano et al. 1996). 3C40A is a narrow angle-
tail radio galaxy associated with the galaxy NGC 541 (O’Dea
& Owen 1985). The jet emanating from 3C40A is believed to
be responsible for triggering star formation in Minkowski’s ob-
ject (e.g. van Breugel et al. 1985, Brodie et al. 1985, Croft et
al. 2006), a star-forming peculiar galaxy near NGC541.
In addition to 3C40A and 3C 40B, some other faint radio
sources have been detected in the Abell 194 field. In the left
panel of Fig. 1, SRT sources with an NVSS counterpart are la-
beled with the letters A to S. Sources labeled with E, J, and Q
are actually blends of multiple NVSS sources. There are also
a few sources visible in the NVSS but not detected at the sen-
sitivity level of the SRT image. These are likely steep spectral
index radio sources. The SRT contours show an elongation in
the northern lobe of 3C 40B toward west. This elongation is
likely due to the point source labelled with S, which is detected
both in the 1443 MHz VLA image at 19′′resolution in the right
panel of Fig. 1, and in the NVSS. The 1443 MHz image also
shows the presence of another point source located on the east
of the northern lobe of 3C 40B. This point source is blended
with 3C40B both at the SRT and at the NVSS resolution.
Given that 3C 40A and 3C40B are not clearly separated
at the SRT resolution, we calculated the flux density for the
two sources together, by integrating the total intensity image
at 6600 MHz down to the 3σI isophote. It results ≃1.72±0.05
Jy. This flux contains also the flux of the two discrete sources
located in the northern lobe of 3C 40B mentioned above.
In Table 3, we list the basic properties of the faint radio
sources detected in the field of the SRT image. For the unre-
solved sources, we calculated the flux density by means of a
bi-dimensional Gaussian fit. Along with the SRT coordinates
and the SRT flux densities, we also report their NVSS name,
the NVSS flux density at 1400 MHz, and the global spectral
indices (S ν ∝ ν−α) between 1400 and 6600MHz.
In Fig. 2, we show the total intensity SRT contours lev-
els overlaid on the linearly-polarized intensity image P at
6600 MHz. The polarized intensity was corrected for both
the on-axis and the off-axis instrumental polarization. The
noise level, after the correction for the polarization bias, is
σP=0.5 mJy/beam. Polarization is detected for both 3C 40B
and 3C 40A with a global fractional polarization of ≃9%. The
peak polarized intensity is of ≃19 mJy/beam, located in the
south lobe of 3C40B, not matching the total intensity peak.
The origin of this mismatch could be attributed to different ef-
1 http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/megapipe/
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Fig. 1. Left: SRT radio image at 6600 MHz (contours) overlaid on the ROSAT PSPC X-ray image (colors) in the 0.4 − 2 keV
band. The SRT image results from the spectral average of the bandwidth between 6000 and 7200 MHz. It has a sensitivity of
1 mJy/beam and an angular resolution of 2.9′. The first radio contour is drawn at 3 mJy/beam (3σI) and the rest are spaced by
a factor of
√
2. SRT sources with an NVSS counterpart are labeled with the letters A to S. The X-ray image (ID=800316p) is
exposure corrected (Texp ≃ 24ksec) and adaptively smoothed (see Sect. 4.3). The green circle is centered on the cluster X-ray
centroid and the radius indicates the cluster core radius rc. Right: VLA radio image at 1443 MHz (contours) overlaid on the
optical emission in the gMega band (grey-scale). The VLA image has a sensitivity of 0.34 mJy/beam and an angular resolution of
19′′. The first radio contour is drawn at 1 mJy/beam (3σI) and the rest are spaced by a factor of 2.
Table 3. Flux density measurements of faint radio sources detected in the Abell 194 field.
Source Label RA J2000 DEC J2000 S6600MHz S1400MHz α
1400MHz
6600MHz
(h m s) (d ′ ′′) (mJy) (mJy)
NVSSJ012748-014134 A 01 27 48 −01 41 05 11.5 ± 0.7 24.6 ± 2.3 0.49 ± 0.13
NVSSJ012622-013756 B 01 26 21 −01 38 00 5.3 ± 0.7 11.0 ± 0.6 0.47 ± 0.29
NVSSJ012513-012800 C 01 25 13 −01 27 58 13.3 ± 0.8 32.9 ± 1.1 0.58 ± 0.10
NVSSJ012438-011232 D 01 24 38 −01 12 25 11.0 ± 0.8 35.7 ± 1.5 0.76 ± 0.10
Blends of NVSS sources E 01 24 03 −01 04 11 13.9 ± 1.2 − −
NVSSJ012542-005302 F 01 25 41 −00 53 06 7.7 ± 0.7 8.4 ± 1.4 0.06 ± 0.36
NVSSJ012624-005101 G 01 26 24 −00 51 26 5.8 ± 0.8 21.0 ± 1.1 0.83 ± 0.18
NVSSJ012401-013706 H 01 24 03 −01 37 18 9.7 ± 2.1 19.3 ± 0.8 0.44 ± 0.17
NVSSJ012628-010418 I 01 26 26 −01 04 19 4.1 ± 0.8 19.4 ± 1.4 1.00 ± 0.22
Blends of NVSS sources J 01 26 51 −01 07 35 4.8 ± 0.8 − −
NVSSJ012410-013357 K 01 24 10 −01 33 51 5.0 ± 0.8 7.3 ± 0.6 0.24 ± 0.42
NVSSJ012746-013446 L 01 27 46 −01 34 10 2.7 ± 0.7 3.9 ± 0.5 0.24 ± 0.78
NVSSJ012450-012208 M 01 24 47 −01 22 00 3.7 ± 0.8 5.1 ± 0.7 0.21 ± 0.60
NVSSJ012431-010459 N 01 24 36 −01 04 46 2.9 ± 0.7 7.1 ± 1.5 0.58 ± 0.47
NVSSJ012426-005827 O 01 24 25 −00 58 25 4.0 ± 1.6 7.9 ± 0.6 0.44 ± 0.40
NVSSJ012557-005442 P 01 25 57 −00 55 19 2.9 ± 0.6 4.6 ± 0.7 0.30 ± 0.67
Blends of NVSS sources Q 01 26 58 −00 56 46 4.6 ± 0.7 − −
NVSSJ012406-005638 R 01 24 03 −00 57 05 3.6 ± 0.7 4.0 ± 0.5 0.07 ± 0.75
NVSSJ012538-011139 S − − − 16.1 ± 1.5 −
Col. 1: NVSS cross-identification; Col. 2: Source label (see Fig. 1); Cols. 3 and 4: Coordinates of the peak intensity in the SRT image;
Col. 5: Flux density at 6600MHz, taken from the SRT image; Col. 6: Flux density at 1400MHz, taken from the NVSS;
Col. 7: Spectral index between 1400 and 6600MHz.
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Fig. 2. SRT linearly-polarized intensity image at 6600MHz of the galaxy cluster Abell 194, resulting from the spectral average of
the bandwidth between 6000 and 7200 MHz. The noise level, after the correction for the polarization bias, is σP=0.5 mJy/beam.
The FWHM beam is 2.9′, as indicated in the bottom-left corner. Contours refer to the total intensity image. Levels start at 3
mJy/beam (3σI) and increase by a factor of 2. The electric field (E-field) polarization vectors are traced only for those pixels
where the total intensity signal is above 5σI, the error on the polarization angle is less than 10
◦, and the fractional polarization is
above 3σFPOL. The length of the vectors is proportional to the polarization percentage (with 100% represented by the bar in the
top-left corner).
fects. A possibility is that the magnetic field inside the radio
source’s lobe is not completely ordered. Indeed, along the line-
of-sight at the position of the peak intensity, we may have by
chance two (or more) magnetic field structures not perfectly
aligned in the plane of the sky so that the polarized intensity is
reduced, while the total intensity is unaffected. This depolariza-
tion is a pure geometrical effect related to the intrinsic ordering
of the source’s magnetic field and may be present even if there
is no Faraday rotation inside and/or outside the radio emitting
plasma. Another possibility is that Faraday Rotation is occur-
ring in an external screen and the peak intensity is located in
projection in a region of a high RM gradient (see RM image
in Fig. 8). In this case, the beam depolarization is expected to
reduce the polarized signal but not the total intensity. Finally,
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Fig. 3. Spatial distribution of the 143 cluster member galaxies.
The larger the circle, the larger is the deviation of the local
mean velocity, as computed on the galaxy and its ten neighbors,
from the global mean velocity. Blue/thin-line and red/thick-line
circles show where the local value of mean velocity is smaller
or larger than the global value. Green dashed ellipses indicate
the regions of the subgroups detected by Nikogossyan et al.
(1999, see their Fig. 13 - the subgroup No. 2 is outside of our
field). The center is fixed on the NGC547 galaxy.
there could be also internal Faraday Rotation, but the presence
of an X-ray cavity (see Sect. 4.3), suggests that the southern
lobe is devoided of thermal gas and furthermore, the observed
trend of the polarized angles are consistent with the λ2-law that
points in favour of an external Faraday screen (see Sect. 6).
In 3C 40B the fractional polarization increase along the
source from 1-3% in the central brighter part up to 15-18%
in the low surface brightness associated with the northern lobe.
The other faint sources detected in the Abell 194 field are not
significantly polarized in the SRT image.
4.2. Optical properties
One of the intriguing properties of Abell 194 is that it appears
as a “linear cluster”, as its galaxy distribution and X-ray emis-
sion are both linearly elongated along the NE-SW direction
(Rood & Sastry 1971, Struble & Rood 1987; Chapman et al.
1988; Nikogossyan et al. 1999; Jones & Forman 1999).
Previous studies of Abell 194, based on redshift data, have
found a low value of the velocity dispersion of galaxies within
the cluster (∼ 350−400 km s−1; Chapman et al. 1988, Girardi
et al. 1998) and a low value of the mass. Two independent
analyses agree in determining a mass of M200 ∼ 1 × 1014
h−1 M⊙ within the radius2 R200 ∼ 1 Mpc (Girardi et al. 1998,
2 The radius Rδ is the radius of a sphere with mass overdensity δ
times the critical density at the redshift of the galaxy system.
Fig. 4. Spatial distribution of the 143 cluster members (small
black points). The galaxies of the two main subgroups detected
in the 3D-DEDICA analysis are indicated by large symbols.
Red squares and blue rotated squares indicate galaxies of the
main and the secondary subgroups, respectively. The secondary
subgroup is characterized by a lower velocity. The larger the
symbol size, the larger is the deviation of the galaxy from
the mean velocity. The center is fixed on the NGC547 galaxy
(large black circle). NGC545 and NGC541 are indicated by
small circles.
Rines et al. 2003). Early analyses of redshift-data samples of ∼
100-150 galaxies within 3-6 Mpc, mostly derived by Chapman
et al. (1988), confirmed that Abell 194 is formed of a main
system elongated along the NE-SW direction and detected mi-
nor substructure in both the central and external cluster regions
(Girardi et al. 1997, Barton et al. 1998, Nikogossyan et al.
1999).
To obtain new additional insights in the cluster struc-
ture, we considered more recent redshift data. Rines et al.
(2003) compiled redshifts from the literature as collected by the
NASA/IPAC Extragalactic Database (NED), including the first
Sloan Digital Sky Survey (SDSS) data. Here, we also added
further data extracted from the last SDSS release (DR12). In
particular, to analyze the 2R200 cluster region, we considered
galaxies within 2 Mpc (∼ 93′) from the cluster center (here
taken as the galaxy 3C40B/NGC547). Our galaxy sample con-
sists of 1893 galaxies. After the application of the P+G mem-
bership selection (Fadda et al. 1996; Girardi et al. 2015) we
obtained a sample of 143 fiducial members. The P+G mem-
bership selection is a two steps method. First, we used the
1D adaptive-kernel method DEDICA (Pisani 1993) to detect
the significant cluster peak in the velocity distribution. All the
galaxies assigned to the cluster peak are analyzed in the second
step which uses the combination of position and velocity infor-
mation: the “shifting gapper” method by Fadda et al. (1996).
This procedure rejects galaxies that are too far in velocity from
the main body of galaxies and within a fixed bin that shifts
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along the distance from the cluster center. The procedure is iter-
ated until the number of cluster members converges to a stable
value.
The comparison with the corresponding galaxy samples of
Chapman et al. (1988), formed of 84 galaxies (67 members),
shows that we have doubled the data sample and stresses the
difficulty of improving the Abell 194 sample when going down
to fainter luminosities. Unlike the Chapman et al. (1988) sam-
ple, the sampling and completeness of both our sample and
that of Rines et al. (2003) are not uniform and, in particular,
since the center of Abell 194 is at the border of a SDSS strip,
the southern clusters regions are undersampled with respect to
the northern ones. As a consequence, we limited our analysis
of substructure to the velocity distribution and to the position-
velocity combined data.
By applying the biweight estimator to the 143 cluster mem-
bers (Beers et al. 1990, ROSTAT software), we computed
a mean cluster line-of-sight (LOS) velocity 〈V〉 = 〈cz〉 =
(5 375±143) km s−1, corresponding to a mean cluster red-
shift 〈z〉 = 0.017929 ± 0.0004 and a LOS velocity dispersion
σV = 425
+34
−30 km s
−1, in good agreement with the estimates by
Rines et al. (2003, see their Table 2). There is no evidence of
non Gaussianity in the galaxy velocity distribution according
to two robust shape estimators, the asymmetry index and the
tail index, and the scaled tail index (Bird & Beers 1993). We
also verified that the three luminous galaxies in the cluster core
(NGC547, NGC545, and NGC541) have no evidence of pe-
culiar velocity according to the indicator test by Gebhardt &
Beers (1991).
We applied the ∆-statistics devised by Dressler &
Schectman (1988, hereafter DS-test), which is a powerful test
for 3D substructure. The significance is based on 1000 Monte
Carlo simulated clusters obtained shuffling galaxies velocities
with respect to their positions.We detected a marginal evidence
of substructure (at the 91.3% confidence level). Fig. 3 shows
the comparison of the DS bubble-plot, here obtained consider-
ing only the local velocity kinematical DS indicator, with the
subgroups detected by Nikogossyan et al. (1999). The most im-
portant subgroup detected by Nikogossyan et al. (1999), the
No. 3, traces the NE-SW elongated structure. Inside this, the re-
gions characterized by low or high local velocity correspond to
their No. 1 and No. 5 subgroups. A SE region characterized by
a high local velocity corresponds to their No. 4 subgroup, the
only one outside the main NE-SW cluster structure. The above
agreement is particularly meaningful when considering that the
Nikogossyan et al. (1999) and our results are based on quite
different samples and analyses. In particular, their hierarchical-
tree analysis weights galaxies with their luminosity, while no
weight is applied in our DS-test and plot. The galaxy with a
very large blue/thin circle has a difference from the mean cz of
488 km/s and lies at 0.42 Mpc from the cluster center, that is
well inside the caustic lines reported by Rines et al. (2003, see
their Fig.2) and thus it is definitely a cluster member. However,
this galaxy lies at the center of a region inhabited by several
galaxies at low velocity, resulting in the large size of the circle.
In fact, as mentioned in the caption, the circle size refers to the
local mean velocity as computed with respect to the galaxy and
its ten neighbors.
Fig. 5. Surface brightness profile of the X-ray emission of
Abell 194. The profile is centered at the position of the X-ray
centroid. The best fit β-model is shown in blue.
We also performed the 3D optimized adaptive-kernel
method of Pisani (1993, 1996; hereafter 3D-DEDICA, see also
Girardi et al. 2016). The method detects two important den-
sity peaks, significant at the > 99.99% confidence level of 31
and 15 galaxies. Minor subgroups have very low density and/or
richness and are not discussed. Fig. 4 shows as both the two
DEDICA subgroups are strongly elongated and trace the NE-
SW direction but have different velocities. The main one has
a velocity peak of 5 463 km s−1, close to the mean cluster ve-
locity, and contains NGC547, NGC 545, and NGC541. The
secondary one has a lower velocity (4 897 km s−1).
The picture resulting from new and previous optical results
agree in that Abell 194 does not show trace of a major and
recent cluster merger (e.g., as in the case of a bimodal head-on
merger), but rather agrees with a scenario of accretion of small
groups, mainly along the NE-SW axis.
4.3. X-ray properties
The cluster Abell 194 has been observed in X-rays with the
ASCA, ROSAT, Chandra, and XMM satellites. Sakelliou et al.
(2008), investigated the cluster relying on XMM and radio ob-
servations. The X-ray data do not show any signs of features
expected from recent cluster merger activity. They concluded
that the central region of Abell 194 is relatively quiescent and
is not suffering a major merger event, in agreement with the op-
tical analysis described in Sect. 4.2. Bogda´n et al. (2011), ana-
lyzed X-ray observations with Chandra and ROSAT satellites.
They mapped the dynamics of the galaxy cluster and also de-
tected a large X-ray cavity formed by the southern radio lobe
arising from 3C40B. Therefore, this target is particularly in-
teresting for Faraday rotation studies because the presence of
an X-ray cavity indicates that the rotation of the polarization
plane is likely to occur entirely in the intra-cluster medium,
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since comparatively little thermal gas should be present inside
the radio-emitting plasma.
The temperature profile and the cooling time of 21.6±4.41
Gyr determined by Lovisari et al. (2015), and the temperature
map by Bogda´n et al. (2011), indicate that Abell 194 does not
harbor a cool core.
We analyzed the ROSAT PSPC pointed observation of
Abell 194 following the same procedure of Eckert et al. (2012)
to which we refer for a more detailed description. Here we
brieflymention themain steps of the reduction and of the analy-
sis. TheROSAT Extended Source Analysis Software (Snowden
et al. 1994) was used for the data reduction. The contribution
of the various background components such as scattered so-
lar X-rays, long term enhancements and particle background
has been taken into account and combined to get a map of all
the non-cosmic background components to be subtracted. We
then extracted the image in the R37 ROSAT energy band (0.4-
2 keV) corrected for vignetting effect with the corresponding
exposure map. Point sources have been detected and excluded
up to a constant flux threshold in order to ensure a constant re-
solved fraction of the Cosmic X-ray Background (CXB) over
the field of view. The surface brightness profile has been com-
puted with 30 arcsec bins centered on the centroid of the image
(RA=01 25 54; DEC=-01 21 05) out to 50 arcmin. The surface
brightness profile was fitted with a single β-model (Cavaliere
& Fusco-Femiano 1976) plus a constant (to take into account
the sky background composed by Galactic foregrounds and
residual CXB), with the software PROFFIT v1.3 (Eckert et al.
2011). The best fitting model has a core radius rc = 11.5 ± 1.2
arcmin (248.4 ± 26 kpc) and β = 0.67 ± 0.06 (1σ) for a
χ2/dof=1.77. In Fig. 5 we show the surface brightness profile
of the X-ray emission of Abell 194, with the best fit β-model
shown in blue.
For the determination of the spectral parameters represen-
tative of the core properties we analyzed the Chandra ACIS-S
observation of Abell 194 (ObsID: 7823) with CIAO 4.7 and
CALDB 4.6.8. All data were reprocessed from the level=1
event file following the standard Chandra reduction threads
and flare cleaning. We used blank-sky observations to subtract
the background components and to account for variations in
the normalization of the particle background we rescaled the
blank-sky background template by the ratio of the count rates
in the 10-12 keV energy band. We extracted a spectrum from a
circular region of radius 1 arcmin around the centroid position.
We fitted the data with an APEC (Smith et al. 2001) model with
ATOMDB code v2.0.2. in XSPEC v.12.8.2 (Arnaud 1996). We
fixed the Galactic column density at NH = 4.11 × 1020 cm−2
(Kalberla et al. 2005), the abundance is quoted in the solar units
of Anders & Grevesse (1989) and we used the Cash statistic.
The best fit model gives a temperature of kT = 2.4 ± 0.3 keV,
an abundance of 0.27+0.15−0.11 Z⊙ and a XSPEC normalization of
1.0 ± 0.1 × 10−4 cm−5 for a cstat/dof = 82/83.
Using the ROSAT best fit β-model and the spectral param-
eters obtained with Chandra the central electron density can
be expressed by a simple analytical formula (Eq. 2 of Ettori et
al. 2004). In order to assess the error we repeated the mea-
surements after 1000 random realizations of the normaliza-
tion and the β-model parameters drawn from Gaussian distri-
butions with mean and standard deviation set by the best-fit
results. We obtain a value for the central electron density of
n0 = (6.9 ± 0.6) × 10−4 cm−3. The distribution of the thermal
electrons density with the distance from the cluster X-ray cen-
ter r was thus modeled with:
ne(r) = n0
(
1 +
r2
r2c
)− 3
2
β
. (1)
5. Spectral aging analysis
We investigated 3C 40A and 3C 40B at different frequencies in
order to study in detail their spectral index behavior.
We analyzed the images obtained from the VLA Low-
Frequency Sky Survey redux (VLSSr at 74MHz; Lane et al.
2014), the VLA archive data in P-Band (330MHz), the VLA
archive data in L-Band (1443 and 1630 MHz), and the SRT
(6600 MHz) data. We smoothed all the images to the same res-
olution as that of the SRT image (see top panels of Fig. 6). The
relevant parameters of the images smoothed to a resolution of
2.9′ are reported in Table 4.
We calculated the flux densities of 3C40A and 3C40B to-
gether. The total spectrum of the sources is shown in the bottom
panel of Fig. 6. Although the radio sources in Abell 194 have a
large angular extension, the interferometric VLA data at 1443
and 1630 MHz seems do not suffer from missing flux problem.
To calculate the error associated to the flux densities, we added
in quadrature the statistical noise and an additional uncertainty
of 10% to take into account for a different uv-coverage and a
possible bias due to the different flux density scale of the data
sets.
By using the software SYNAGE (Murgia et al. 1999), we
fitted the integrated spectrum with the continuous injection
model (CI; Pacholczyk 1970). The CI model is characterized
by three free parameters: the injection spectral index (αinj), the
break frequency (νb), and the flux normalization. In the con-
text of the CI model, it is assumed that the spectral break is
due to the energy losses of the relativistic electrons. For high-
energy electrons, the energy losses are primarily due to the syn-
chrotron radiation itself and to the inverse Compton scattering
of the Cosmic Microwave Background (CMB) photons. During
the active phase, the evolution of the integrated spectrum is de-
termined by the shift with time of νb to lower and lower fre-
quencies. Indeed, the spectral break can be considered to be a
clock indicating the time elapsed since the injection of the first
electron population. Below and above νb, the spectral indices
are respectively αinj and αinj+0.5.
For 3C40A and 3C40B the best fit of the CI model to the
observed radio spectrum yields a break frequency νb ≃ 700 ±
280 MHz. To limit the number of free parameters, we fixed
αinj = 0.5 which is the value of the spectral index calculated
in the jets of 3C 40B, at a relatively high resolution (≃ 20′′),
between the L-Band (1443 MHz) and the P-Band (330 MHz)
images.
By using the images in the top panels of Fig. 6, we also
studied the variation pixel by pixel of the synchrotron spec-
trum along 3C 40A and 3C 40B. 3C 40B is extended enough to
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Table 4. Relevant parameters of the images smoothed to a resolution of 174′′(2.9′), and 60′′.
Frequency Orig. Beam Conv. Beam σI σQ σU Conv. Beam σI σQ σU
(MHz) (′′×′′) (′′) (mJy/beam) (′′) (mJy/beam)
74 (VLSSr) 75×75 174 260 − − − − − −
330 21.8×18.9 174 30 − − − − − −
1443 59.3×46.1 174 2.0 0.2 0.2 60 0.50 0.09 0.07
1465 52.8×46.1 174 3.2 0.7 1.1 60 1.17 0.19 0.28
1515 49.8×43.8 174 7.7 1.1 1.4 60 1.80 0.34 0.35
1630 52.8×40.5 174 3.0 0.2 0.1 60 0.59 0.09 0.08
6600 174×174 174 1.0 0.4 0.5 − − −
Col. 1: Observing frequency; Col. 2: Original Beam; Col. 3: Smoothed Beam (174′′); Col. 4, 5, 6: RMS noise of the I, Q, and U images smoothed to a resolution of 174′′;
Col. 7: Smoothed Beam (60′′); Col. 8, 9, 10: RMS noise of the I, Q, and U images smoothed to a resolution of 60′′ .
investigate the spectral trend along its length. A few plots show-
ing the radio surface brightness as a function of the observing
frequency at different locations of the 3C40B are shown in bot-
tom panels of Fig. 7. The plots show some pixels, located in
different parts of 3C 40B, with representative spectral trend.
The morphology of the radio galaxy, and the trend of the
spectral curvatures at different locations indicate that 3C40B
is currently an active source whose synchrotron emission is
dominated by the electron populations with GeV energies in-
jected by the radio jets and accumulated during their entire lives
(Murgia et al. 2011).
We then fitted the observed spectra with the JP model (Jaffe
& Perola 1973), which also has three free parameters αinj, νb,
and flux normalization like the CI model. The JP model how-
ever describes the spectral shape of an isolated electron popula-
tion with an isotropic distribution of the pitch angles injected at
a specific instant in time with an initial power law energy spec-
trum with index p = 2αinj + 1. According to the synchrotron
theory (e.g. Blumenthal & Gould 1970, Rybicki & Lightman
1979), it is possible to relate the break frequency to the time
elapsed since the start of the injection:
tsyn = 1590
B0.5
(B2 + B2
IC
)[(1 + z)νb]0.5
Myr, (2)
where B and BIC = 3.25(1 + z)
2 are the source magnetic
field and the inverse Compton equivalent magnetic field asso-
ciated with the CMB, respectively. The resulting map of the
break frequency derived by the fit of the JP model is shown in
the top left panel of Fig. 7. The break frequency is computed in
the regions where the brightness of the VLSSr image smoothed
to a resolution of 2.9 is above 5σI (> 1.3 Jy/beam). The mea-
sured break frequency decreases systematically along the lobes
of 3C 40B in agreement with a scenario in which the oldest par-
ticles are those at larger distance from the AGN. The minimum
break frequency measured in the faintest part of the lobes of
3C 40B is νb ≃ 850±120MHz, in agreement, within the errors,
with the spectral break measured in the integrated spectrum of
3C40A and 3C40B.
We derived the radiative age from Eq. 2, using the min-
imum energy magnetic field strength. The minimum energy
magnetic field was calculated assuming, for the electron en-
ergy spectrum, a power law with index p = 2αinj + 1 = 2 and
a low energy cut-off at a Lorentz factor γlow = 100. In addi-
tion, we assumed that non-radiating relativistic ions have the
same energy density as the relativistic electrons. We used the
luminosity at 330MHz, since radiative losses are less impor-
tant at low frequencies. Modeling the lobes of 3C 40B as two
cylinders in the plane of the sky, the resulting minimum energy
magnetic field, is ≃1.8 µG in the northern lobe and ≃1.7 µG
in the southern lobe. Assuming for the source’s magnetic field
〈Bmin〉 = 1.75 µG and the lowest measured break frequency of
νb = 850±120MHz, the radiative age of 3C40B is found to be
tsyn = 157±11Myrs. Sakelliou et al. (2008), applied a similar
approach and found a spectral age perfectly consistent with our
result. Furthermore, we note that the radiative age of 3C40B is
consistent with that found in the literature for other sources of
similar size and radio power (see Fig. 6 of Parma et al. 1999).
In the top right panel of Fig. 7, we show the correspond-
ing radiative age map of 3C 40B obtained by applying in Eq. 2
the break frequency image and the minimum energy magnetic
field.
In the computation above we assumed an electron to pro-
ton ratio k = 1, in agreement with previous works that we use
for comparison. We are aware that this ratio could be larger,
and in particular there could be local changes due to significant
radiative losses of electrons, with respect to protons, in oldest
source regions. We can estimate the impact of a different value
of k on the radiative age. By keeping the assumptions adopted
above and considering k = 100, the minimum energy magnetic
field results a factor of three higher, and the radiative age of 3C
40B is found to be tsyn = 100± 7Myrs, which is slightly lower
than the value derived by using k = 1, however the main results
of the paper are not affected.
For extended sources like 3C40B, high-frequencies inter-
ferometric observations suffer the so-called missing flux prob-
lem. On the other hand, the total intensity SRT image at 6600
MHz permitted us to investigate the curvature of the high-
frequency spectrum across the source 3C40B, which is essen-
tial to obtain a reliable aging analysis. The above analysis is im-
portant not only to derive the radiative age of the radio galaxy
but also for the cluster magnetic field interpretation. Indeed, the
break frequency image and the cluster X-ray emission model
(see Sect. 7) are used in combination with the RM data to con-
strain the intra-cluster magnetic field power spectrum.
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Fig. 6. Top: Images of 3C 40A and 3C40B at different frequencies, smoothed to a resolution of 2.9′. The images are: VLSSr
(74MHz; Lane et al. 2014), VLA P-Band (330 MHz), VLA L-Band (1443 and 1630 MHz), and SRT (6600 MHz). The Dynamic
Range (DR) of each image is shown on each of the top panels. Bottom: Total spectrum of sources 3C40A and 3C40B together.
The blue line is the best fit of the CI model.
6. Faraday rotation analysis
In this section we investigate the polarization properties of the
radio galaxies in Abell 194, by using data-sets at different res-
olutions. First, we produced polarization images at 2.9′ resolu-
tion, useful to derive the variation of the magnetic field strength
in the cluster volume. Second, we produced polarization im-
ages at higher resolution (19′′ and 60′′), useful to determine
the correlation length of the magnetic field fluctuations.
6.1. Polarization data at 2.9′resolution
In the top panels of Fig. 8 we compare the polarization image
observed with the SRT at 6600 MHz (right) with that obtained
with the VLA at 1443 MHz (left), smoothed with a FWHM
Gaussian of 2.9′.
The fractional polarization at 1443 MHz is similar to that
at 6600 MHz being ≃ 3 − 5% in 3C 40A and in the brightest
part of the radio lobes of 3C40B. The fractional polarization
increases in the low surface brightness of the northern lobe of
3C 40B where it is ≃15%. The oldest low-brightness regions
are visible both in total intensity and polarization at 1443 MHz
but not at 6600 MHz, due to the sharp high-frequency cut-off
of the synchrotron spectrum. These structures, located east of
3C 40B and in the southern lobe of 3C40B, show a fractional
polarization as high as ≃ 20 − 50% at 1443 MHz (see Sect. 7).
By comparing the orientation of the polarization vectors at
the different frequencies it is possible to note a rotation of the
position angle. We interpret this as due to the Faraday rota-
tion effect. The observed polarization angle Ψ of a synchrotron
radio source is modified from its intrinsic valueΨ0 by the pres-
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Fig. 7. Top-Left: Map of break frequency, smoothed to a resolution of 2.9′ and derived with the pixel by pixel fit of the JP
model in the regions where the brightness of the VLSSr image is above 5σI . In the break frequency image there are about 15
independent beams. Contours refer to the SRT image at 6600 MHz. Crosses indicate the optical core of 3C40A and 3C40B.
Top-Right: Map of the radiative age, smoothed to a resolution of 2.9′ and derived by applying in Eq. 2 the break frequency image
and the minimum energy magnetic field. In the radiative age image there are about 15 independent beams. Contours refer to the
SRT image at 6600 MHz. Bottom: Plots of the radio surface brightness as a function of the observing frequency ν at different
locations. The resulting fit of the JP model is shown as a blue line.
ence of a magneto-ionic Faraday screen between the source of
polarized emission and the observer. In particular, the plane of
polarization rotates according to:
Ψ = Ψ0 + RM × λ2 (3)
The RM is related to the plasma thermal electron density, ne,
and magnetic field along the line-of-sight, B‖ of the magneto-
ionic medium, by the equation:
RM = 812
L∫
0
neB‖dl rad/m2 (4)
where B‖ is measured in µG, ne in cm−3, and L is the depth of
the screen in kpc.
Following Eq. 3, we obtained the RM image of Abell 194,
by performing a fit pixel by pixel of the polarization angle im-
ages as a function of λ2 using the FARADAY software (Murgia
et al. 2004). Given as input multi-frequencies images of Q and
U, the software produces the RM, the intrinsic polarization an-
gleΨ0, and the corresponding error images. To improve the RM
image, the algorithm can be iterated in several self-calibration
cycles. In the first cycle only pixels with the highest signal-to-
noise ratio are fitted. In the next cycles the algorithm uses the
RM information in these high signal-to-noise pixels to solve
the npi-ambiguity in adjacent pixels of lower signal-to-noise, in
a similar method used in the PACERMAN algorithm by Dolag
et al. (2005).
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Fig. 8. Top: Total intensity contours and polarization vectors of the radio sources in Abell 194. VLA image (Left) at 1443
MHz (σI=2 mJy/beam), smoothed with a FWHM Gaussian of 2.9
′. SRT image (Right) at 6600 MHz (σI=1 mJy/beam), with a
resolution of 2.9′. The radio contours are drawn at 3σI and the rest are spaced by a factor of 2. The lines give the orientation of
the electric vector position angle (E-field) and are proportional in length to the fractional polarization. The vectors are traced only
for those pixels where the total intensity signal is above 5σI, the error on the polarization angle is less than 10
◦, and the fractional
polarization is above 3σFPOL. Middle-Left: RM image calculated by using the images at 1443, 1465, 1515, 1630, and 6600 MHz,
smoothed with a FWHM Gaussian of 2.9′. The color range is from −60 to 60 rad/m2. Contours refer to the total intensity image
at 1443 MHz as in the top-left panel. Middle-Right: Histogram of the RM distribution. Bottom: Plots of the position angle Ψ as a
function of λ2 at four different source locations.
In the middle left panel of Fig. 8, we show the resulting RM
image at an angular resolution of 2.9′. The values of RM range
from −60 to 60 rad/m2, with the higher absolute values in the
central region of the cluster in between the cores of 3C 40B and
3C 40A. We obtained this image by performing the λ2 fit of the
polarization angle images at 1443, 1465, 1515, 1630, and 6600
MHz. The total intensity contours at 1443 MHz are overlaid on
the RM image. The RM image was derived only in those pixels
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Fig. 9. Top-Left: Burn-law a in rad2/m4 calculated by using the images at 1443, 1465, 1515, 1630, and 6600 MHz smoothed with
a FWHM Gaussian of 2.9′. The image is derived from a fit of FPOL as a function of λ4 following the Eq. 5. The color range is
from −500 to 1300 rad2/m4. Contours refer to the total intensity image at 1443 MHz. The radio contours are drawn at 3σI and
the rest are spaced by a factor of 2. Top-Right: Histogram of the Burn-law a distribution. Bottom: Plots of fractional polarization
FPOL a function of λ4 at four different source locations.
in which the following conditions were satisfied: the total in-
tensity signal at 1443 MHz was above 3σI, the resulting RM fit
error was lower than 5 rad/m2, and in at least four frequencies
the error in the polarization angle was lower than 10◦.
In the bottom panels of Fig. 8, we show a few plots of the
position angle Ψ as a function of λ2 at different source loca-
tions. The plots show some pixels, located in different parts of
the sources, with representative RM. Thanks to the SRT image,
we can effectively observe that the data are generally quite well
represented by a linear λ2 relation over a broad λ2 range, which
supports the external Faraday screen hypothesis.
We can characterize the RM distribution in terms of a
mean 〈RM〉 and root mean square σRM. In the middle right
panel of Fig. 8, we show the histogram of the RM distribution.
The mean and root mean square of the RM distribution are
〈RM〉=15.2 rad/m2 and σRM=14.4 rad/m2, respectively. The
mean fit error of the RM error image is ≃1.6 rad/m2. The dis-
persionσRM of the RM distribution is higher than the mean RM
error. Therefore, the RM fluctuations observed in the image are
significant and can give us information on the cluster magnetic
field power spectrum.
For a partially resolved foreground, with Faraday rotation
in a short-wavelength limit, a depolarization of the signal due
to the unresolved RM structures in the external screen can be
approximated, to first order, with the Burn-law (Burn 1966, see
also Laing et al. 2008 for a more recent derivation):
FPOL = FPOL0 exp(−aλ4), (5)
where FPOL0 is the fractional polarization at λ = 0 and
a = 2|∇RM|2σ2 is related to the depolarization due to the
RM gradient within the observing beam considered a circular
Gaussian with FWHM=2
√
2ln2σ.
The effect of depolarization between two wavelengths λ1
and λ2 is usually expressed in terms of the ratio of the degree of
polarization DP=FPOL(λ2)/FPOL(λ1). The Burn-law can pro-
vide depolarization information by considering the data at all
frequencies simultaneously. However, we note that the polar-
ization behaviour varies as the Burn-law at short wavelengths
and goes to a simple generic power-law form at long wave-
lengths (Tribble 1991).
Following Laing et al. (2008), in the top left panel of Fig. 9
we show the image of the Burn-law exponent a derived from a
fit to the data. We obtain this image by performing the λ4 fit of
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the fractional polarization FPOL images at 1443, 1465, 1515,
1630, and 6600MHz, by using at least four of these frequencies
in each pixel. The values of a range from−500 to 1300 rad2/m4.
The histogram of the Burn-law a distribution is shown in the
top right panel of Fig. 9. A large number of pixels have a ≃ 0
indicating no depolarization. Significant depolarization (a > 0)
is found close to 3C 40A. Finally, a minority of pixels have a <
0. This may be due to the noise or the effect of Faraday rotation
on a non-uniformdistribution of intrinsic polarization (Laing et
al. 2008). We note that, indeed, re-polarisation of the signal is
not unphysical and perfectly possible (e.g. Farnes et al. 2014,
Lamee et al 2016). Example plots of a as a function of λ4 are
shown in the bottom panels of Fig. 9. The plots show the same
pixels of Fig. 8. In these plots, the Burn-law gives adequate fits
in the frequency range and resolution of these observations.
We used the images presented in Fig. 8 and in Fig. 9 to in-
vestigate the variation of the magnetic field strength in the clus-
ter volume. In addition, to measure the correlation length of the
magnetic field fluctuations, we used the archival VLA observa-
tions to improve the RM resolution in the brightest parts of the
sources.
6.2. Polarization data at 19′′ and 60′′ resolution
In the left panel of Fig. 10 we show the resulting RM image at
an angular resolution of 19′′. In the middle panel of Fig. 10, we
show the resulting Burn-law image, at the same angular reso-
lution. We derived these images by using VLA data at 1443,
1630, 4535, and 4885 MHz and by adopting the same strat-
egy described in Sect. 6.1 for the lower resolution images. The
noise levels of the images at a resolution of 19′′ are given in
Table 5. Qualitatively, the brightest parts of the 3C 40A and
3C 40B sources show RM and Burn-law images in agreement
with what we find at lower resolution. However, at this resolu-
tion the two sources are well separated and the RM structures
can be investigated in a finer detail. In particular, the RM dis-
tribution seen over the two radio galaxies is patchy, indicating
a cluster magnetic field with turbulent structures on scales of a
few kpc.
In the left andmiddle panel of Fig. 11 we show the resulting
RM and Burn-law images at an angular resolution of 60′′. We
derived these images by using VLA data at 1443, 1465, 1515,
and 1630 MHz and by adopting the same strategy described in
Sect. 6.1. The noise level of the images at a resolution of 60′′
are given in Table 4. The RM image at 60′′ is consistent with
that at 2.9′, although obtained in a narrower λ2 range.
We note that low polarization structures may potentially
causing images with some artefacts. However, these effects are
taken into account in the magnetic field modeling since simu-
lations and data are filtered in the same way. The data at 19′′
and 60′′ are used to derive realistic models for the intrinsic
properties of the radio galaxies. These models are used to pro-
duce synthetic polarization images at arbitrary frequencies and
resolutions in our magnetic field modeling (see Sect. 7).
In the right panel of Fig. 10 we show the intrinsic polariza-
tion image at 19′′ of 3C 40A and 3C 40B. The intrinsic polar-
ization (Ψ0 and FPOL0), was obtained by extrapolating to λ = 0
both the RM (Eq. 3) and the Burn-law (Eq. 5). The image re-
veals regions of high fractional polarization. The panel shows
some representative values of fractional polarization with the
corresponding uncertainty. We note that the southern lobe of
3C40B shows to the south-east an outer rim of high fractional
polarization (≃ 50%). These polarisation rims are commonly
observed at the boundary of the lobes of both low (e.g. Capetti
et al. 1993) and high (e.g. Perley & Carilli 1996) luminosity
radio galaxies. The rim-like morphology of high fractional po-
larisation is an expected feature usually interpreted as the com-
pression of the lobes magnetic field along the contact discon-
tinuity. The normal field components near the edge are sup-
pressed and only tangential components survive giving rise to
very high fractional polarisation levels.
This image provides a description of the intrinsic polariza-
tion properties in the brightest part of the sources. However,
for modeling at large distances from the cluster center we need
information also in the fainter parts of the sources. In this case
we obtained the information from the data at a resolution of
60′′. In the right panel of Fig. 11 we show the intrinsic polar-
ization image at 60′′, derived by extrapolating to λ = 0 both
the RM formula and the Burn-law. The two images are in good
agreement in the common parts. In addition, they complement
the intrinsic polarization information in different sampling re-
gions of the sources. The intrinsic (λ = 0) fractional polar-
ization images shown in Fig. 10 and Fig. 11, confirm very low
polarization levels in coincidence with the peak intensity in the
southern lobe, in agreement with the small length measured for
the fractional polarization vectors overimposed to the polariza-
tion image obtained with the SRT at 6600 MHz and shown in
Fig. 2. Furthermore, the higher S/N ratio of the low resolution
image, reveals a few steep spectrum diffuse features not observ-
able in Fig. 10. In particular: a trail to the east (see Sakelliou et
al. 2008, for an interpretation), the northern part of the tail of
3C40A, that overlaps in projection to the tip of the northern
lobe of 3C40B, and a tail extending from the southern lobe of
3C40B. A common property of these features is that they are
all highly polarised as indicated in the figure. These are likely
very old and relaxed regions characterized by an ordered mag-
netic field. The combination of these two effects could explain
the high fractional polarization observed.
6.3. Polarization results summary
The SRT high-frequency observations are essential to deter-
mine the large scale structure of the RM in Abell 194. While
the angular size of the lobes shown in Fig. 10 are comparable
with the largest angular scale detectable by the VLA in D con-
figuration at C-Band (≃5′), the full angular extent of 3C40B is
so large (≃20′) that the intrinsic structure of the U and Q pa-
rameters can be properly recovered only with single-dish ob-
servations. Indeed, the SRT observation at 6600 MHz is funda-
mental because it makes possible to ensure that the polarization
position angles follow the λ2 law over a broad range of wave-
lengths thus confirming the hypothesis that the RM originates
in an external Faraday screen.
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Table 5. Relevant parameters of the total intensity and polarization images at a resolution of 19′′.
Frequency Orig. Beam Conv. Beam σI σQ σU
(MHz) (′′×′′) (′′) (mJy/beam) (mJy/beam) (mJy/beam)
1443 16.8×15.2 19 0.34 0.12 0.13
1630 15.0×13.7 19 0.26 0.08 0.11
4535 19.7×15.3 19 1.50 0.11 0.11
4885 18.1×14.0 19 1.33 0.17 0.09
Col. 1: Observing frequency; Col. 2: Original Beam; Col. 3: Smoothed Beam;
Col. 4, 5, 6: RMS noise of the I, Q, and U images at 19′′ of resolution.
We note that the noise levels of the images at 4535 and 4885 MHz contain
the PBcore correction, being obtained with the task FLATN of three
different pointings.
Fig. 10. Left: Rotation measure image calculated by using the images at 1443, 1630, 4535, and 4885 MHz smoothed with a
FWHM Gaussian of 19′′. The color range is from −60 to 60 rad/m2. Contours refer to the total intensity image at 1443 MHz.
Levels are 1 (3σI), 5, 30 and 100 mJy/beam. Middle: Burn-law a in rad
2/m4 calculated by using the same images used to derive
the RM. The image is derived from a fit of FPOL as a function of λ4 following the Eq. 5. The color range is from −500 to 1300
rad2/m4. Right: Intrinsic polarization (Ψ0 and FPOL0), obtained by extrapolating to λ = 0 both the RM (Eq. 3) and the Burn-law
(Eq. 5).
The observed RM fluctuations in Abell 194 appear simi-
lar to those observed for other sources in comparable environ-
ments, e.g. NGC6251, 3C449, NGC383, (Perley et al. 1984,
Feretti et al. 1999, Laing et al. 2008), but are much smaller in
amplitude than in rich galaxy clusters (e.g. Govoni et al. 2010).
We summarize the RM results obtained at the different res-
olutions in Table 6. The values of 〈RM〉 given in Table 6 in-
clude the contribution of the Galaxy. We determined the RM
Galactic contribution by using the results by Oppermann et al.
(2015), mostly based on the catalog by Taylor et al. (2009),
which contains the RM for 34 radio sources within a radius of 3
deg from the cluster center of Abell 194.Within this radius, the
RM Galactic contribution results 8.7±4.5 rad/m2. Therefore,
half of the 〈RM〉 value measured in the Abell 194 sources is
Galactic in origin.
In 3C 40B the two lobes show a similar RM and Burn-law
a, this is in contrast to what was found in 3C 31 (Laing et al.
2008), where asymmetry between the north and south sides is
evident. While 3C 31 is inclined with respect the plane of the
sky and the receding lobe is more rotated than the approach-
ing lobe (Laing-Garrinton effect; Laing 1988, Garrinton et al.
1988), in Abell 194, our results seem to indicate that the two
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Fig. 11. Left: Rotation measure image calculated by using the images at 1443, 1465, 1515, and 1630 MHz smoothed with a
FWHM Gaussian of 60′′. The color range is from −60 to 60 rad/m2. Contours refer to the total intensity image at 1443 MHz.
Levels are 1.5 (3σI), 5, 30 and 100 mJy/beam. Middle: Burn-law a in rad
2/m4 calculated by using the same images used to derive
the RM. The image is derived from a fit of FPOL as a function of λ4 following the Eq. 5. The color range is from −500 to 1300
rad2/m4. Right: Intrinsic polarization (Ψ0 and FPOL0), obtained by extrapolating to λ = 0 both the RM (Eq. 3) and the Burn-law
(Eq. 5).
lobes of 3C 40B lay on the plane of the sky, and thus they are
affected by a similar physical depth of the Faraday screen. It is
also interesting to note that 3C40A is located at a projected dis-
tance from the cluster center very similar to that of the south-
ern lobe of 3C40B, but 3C 40A is more depolarized than the
southern lobe of 3C40B. This behavior may be explained if
3C 40A is located at a deeper position along the line of sight
than 3C 40B. Thus, passing across a longer path, the signal
is subject to an higher depolarization, due to the higher RM.
Other explanations may be connected to the presence of the X-
ray cavity in the southern lobe of 3C40B which might reduce
its depolarization with respect to 3C 40A.
The FPOL trend with λ4 and the polarization angle trend
with λ2 would argue in favor of an RM produced by a fore-
ground Faraday screen (Burn 1966, Laing 1984, Laing et al.
2008). In addition, the presence of a large X-ray cavity formed
by the southern radio lobe arising from 3C40B (Bogda´n et al.
2011), supports the scenario in which the rotation of the po-
larization plane is likely to occur entirely in the intra-cluster
medium, since the radio lobe is likely voided of thermal gas.
In a few cases (Guidetti et al. 2011) the RM morpholo-
gies tend to display peculiar anisotropic RM structures. These
anisotropies appear highly ordered (RM bands) with iso-
contours orthogonal to the axes of the radio lobes and are likely
related to the interaction between the sources and their sur-
roundings. The RM images of Abell 194 show patchy patterns
without any obvious preferred direction, in agreement with
many of the published RM images. Therefore, in Abell 194,
the standard picture that the Faraday effect is due to the turbu-
lent intra-cluster medium and not affected by the presence of
the radio source itself, is self-consistent.
These above considerations suggest that the effect of the
external Faraday screen is dominant over the internal Faraday
rotation, if any.
As shown in optical and X-ray analyses (see Sect. 4.2
and 4.3), Abell 194 is not undergoing a major merger event.
Rather it is likely accreting several smaller clumps. Under these
conditions, we do not expect injection of turbulence on cluster-
wide scales in the intra-cluster medium. However, we may ex-
pect injection of turbulence on scales of a few hundred kpc due
to the accretion flows of small groups of galaxies, the motion of
galaxy cluster members, and the expansion of radio lobes. This
turbulent energy will cascade on smaller scales and will be dis-
sipated finally heating the intra-cluster medium. The footprint
of this cascade could be observable on the intra-cluster mag-
netic field structure through the RM images. In this case, the
patchy structure characterizing the RM images in Figs. 8, 10,
and 11, can be interpreted as a signature of the turbulent intra-
cluster magnetic field and the values of the σRM and 〈RM〉 can
be used to constrain the strength and the structure of the mag-
netic field.
7. Intra-cluster magnetic field characterization
We constrained the magnetic field power spectrum in Abell 194
by using the polarization information (RM and fractional po-
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Table 6. Rotation measure results.
Source Resolution Distance N 〈ErrfitRM〉 〈RM〉 σRM
(′′) (kpc) (rad/m2) (rad/m2) (rad/m2)
3C 40B/3C 40A 174 - 19 1.6 15.2 14.4
3C 40B/3C 40A 60 - 72 2.4 14.8 12.4
3C 40B/3C 40A 19 - 146 1.4 16.5 15.8
3C 40B 19 35 135 1.4 15.9 15.6
3C 40A 19 70 11 1.9 22.7 17.9
Col. 1: Source; Col. 2 Resolution; Col. 3: Projected distance of the source core from the X-ray centroid;
Col. 4: Number of beams over which the RM has been computed;
Col. 5: Mean value of the RM fit error;
Col. 6: Mean of the RM distribution; Col. 7: RMS of the RM distribution.
larization) derived for the radio galaxies 3C 40A and 3C 40B.
A realistic description of the cluster magnetic fields must
provide simultaneously a reasonable representation of the
following observables:
− the RM structure function defined by:
S (∆x,∆y) = 〈[RM(x, y) − RM(x + ∆x, y + ∆y)]2〉(x,y), (6)
where = 〈〉(x,y) indicates that the average is taken over all the
positions (x, y) in the RM image. The structure function S (∆r)
was then computed by azimuthally averaging S (∆x,∆y) over
annuli of increasing separation ∆r =
√
∆x2 + ∆y2;
− the Burn-law (see Eq. 5);
− the trends of σRM and 〈RM〉 against the distance from
the cluster center.
The RM structure function and the Burn-law are better in-
vestigated by using the data at higher resolution (19′′), while
the trends of σRM and 〈RM〉 with the distance from the clus-
ter center are better described by the data at lower resolution
(2.9′).
Our modeling is based on the assumption that the Faraday
rotation occurs entirely in the intra-cluster medium. In particu-
lar, we supposed that there is no internal Faraday rotation inside
the radio lobes.
To interpret the RM and the fractional polarization data, we
need a model for the spatial distribution of the thermal electron
density and of the intra-cluster magnetic field.
For the thermal electrons density profile we assumed the
β-model derived in Sect. 4.3, with rc = 248.4 kpc, β=0.67, and
n0=6.9 × 10−4 cm−3.
For the power spectrum of the intra-cluster magnetic field
fluctuations we adopted a power-law with index n of the form
|Bk|2 ∝ k−n (7)
in the wave number range from kmin = 2pi/Λmax to kmax =
2pi/Λmin.
Moreover, we supposed that the power-spectrum normal-
ization varies with the distance from the cluster center such
that the average magnetic field strength at a given radius scales
as a function of the thermal gas density according to
〈B(r)〉 = 〈B0〉
[
ne(r)
n0
]η
, (8)
where 〈B0〉 is the average magnetic field strength at the center
of the cluster3, and ne(r) is the thermal electron gas density
radial profile. The magnetic field fluctuations are considered
isotropic on scales Λ ≫ Λmax, i.e. the fluctuations phases are
completely random in the Fourier space.
Overall, our magnetic field model depends on the five pa-
rameters listed in Table 7:
(i) the strength at the cluster center 〈B0〉;
(ii) the radial index η;
(iii) the power spectrum index n;
(iv) the minimum scales of fluctuation Λmin;
(v) the maximum scales of fluctuation Λmax.
As pointed out in Murgia et al. (2004), there are a number of
degeneracies between these parameters. In particular, the most
relevant to us are the degeneracy between 〈B0〉 and η, and be-
tween Λmin, Λmax, and n.
Fitting all of these five parameters simultaneously would be
the best way to proceed but, due to computational burden, this
is not feasible. The aim of this work is to constrain the magnetic
field radial profile, therefore we proceeded in two steps. First,
we performed two-dimensional simulations to derive the mag-
netic field shape of the power spectrum. Second, we performed
three-dimensional simulations varying the values of 〈B0〉 and
η and derive the magnetic field profile that best reproduce the
RM observations.
We focused our analysis on 〈B0〉, η, and Λmax. In our mod-
eling, Λmax should represents the injection scale of turbulent
energy. Since Abell 194 is a rather relaxed cluster, we expect
a Λmax to be a hundred of kpc or less. The turbulent energy
will cascade down to smaller and smaller scales until it is dissi-
pated. Determining the slope of the magnetic field power spec-
trum and the outer scale of the magnetic field fluctuations is
not trivial because of the degeneracy between these parame-
ters (see e.g. Murgia et al. 2004, Bonafede et al. 2010). To re-
3 Since the simulated magnetic field components follow a Gaussian
distribution, the total magnetic field is distributed according to a
Maxwellian. In this work we quote the average magnetic field strength
which is related to the rms magnetic field strength through: 〈B〉 =√
8/(3pi − 8)Brms
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duce the number of free model parameters, on the basis of the
Kolmogorov theory for a turbulent medium, we fixed the slope
of the power-law power spectrum to n = 11/3. In addition, we
fixed Λmin = 1 kpc. We note that a different Λmin has a negligi-
ble impact on these simulation results since, for a Kolmogorov
spectral index, most of the magnetic field power is on larger
scales and our observations do not resolve sub-kpc structures.
In particular, by using the 19′′ resolution data set, we per-
formed a two-dimensional analysis to constrain the maximum
scale of the magnetic field fluctuations Λmax and by using the
2.9′ resolution data set, we performed three-dimensional nu-
merical simulations to constrain the strength of the magnetic
field and its scaling with the gas density. In both cases, we used
the FARADAY code (Murgia et al. 2004), to produce simu-
lated RM and fractional polarization images and to compare
them with the observed ones. The simulated images were pro-
duced by integrating numerically the gas density and the mag-
netic field product along the line-of-sight. We considered the
sources 3C40A and 3C40B lying in the plane of the sky (not
inclined) and the limits of the integrals were [0,1 Mpc], i.e.
with the sources located at the cluster center. In the simulated
RM images we took into account the Galactic RM contribution,
which is supposed to be uniform over the radio sources 3C40A
and 3C40B.
Due to the heavy window function imposed by the limited
projected size of the radio galaxies with respect to the size
of the cluster, for a proper comparison with observations,
the simulated fractional polarization and RM images are
filtered like the observations before comparing them to data.
The two-dimensional and three-dimensional simulations are
filtered following these steps:
(1) We created a source model at 19′′ (for the two-
dimensional analysis) and at 60′′ (for the three-dimensional
analysis), by considering the CLEAN components (CC model)
of the images at 1443 MHz. For each observing frequency, we
then derived the expected total intensity images I(ν) obtained
by associating at each CLEAN component the corresponding
flux density calculated by assuming a JP model with αinj = 0.5
and νb taken from the observed break frequency image (see
Fig. 7 and Sect. 5);
(2) We used the images in the right panels of Figs. 10
and 11, obtained by extrapolating the Burn-law at λ=0, as a
model of intrinsic fractional polarization FPOL0, thus remov-
ing the wavelength-dependent depolarization due to the fore-
ground Faraday screen. In this way, FPOL0 accounts for the
intrinsic disorder of the magnetic field inside the radio source,
which may vary in general from point to point. For each observ-
ing frequency, we then derived the expected “full-resolution”
fractional polarization FPOL(ν) obtained by associating at each
CLEAN component the intrinsic fractional polarization cor-
rected for the aging effect derived from the break frequency
image shown in Fig. 7:
FPOL(ν) = FPOL0 × FPOLtheor(ν/νb). (9)
Murgia et al. (2016) pointed out that, as the synchrotron plasma
ages, the theoretical fractional polarization4 approaches 100%
for ν ≫ νb. The canonical value FPOLtheor = (3p+3)/(3p+7),
valid for a power-law emission spectrum, is obtained in the
limit ν≪ νb.
(3) For the intrinsic polarization angle Ψ0, we assigned at
each CLEAN component the values taken from the images in
the right panels of Figs. 10 and 11, obtained by extrapolating
the Ψ at λ=0;
(4) By using I(ν), FPOL(ν), and Ψ0, we produced the
expected Q(ν) and U(ν) images corresponding to the simulated
RM, obtained by employing Eq. 3;
(5) We added a Gaussian noise such that of the obser-
vations to the I(ν), Q(ν), and U(ν) images and we smoothed
them with the FWHM beam of the observations used in the
two-dimensional and three-dimensional analysis (19′′ or 2.9′).
In this way we have taken into account the beam depolarization
of the polarized signal;
(6) Finally, we derived the fractional polarization im-
ages FPOL(ν)=P(ν)/I(ν) from synthetic I(ν), Q(ν), and U(ν)
images and we produced the synthetic RM image by fitting
pixel by pixel the polarization angle images Ψ(ν) versus the
squared wavelength using exactly the same algorithm and
strategy described in Sect. 6 as if they were actual observations.
Examples of observed and synthetic images used in our analy-
sis are shown in Fig. 12.
Following Vacca et al. (2012), we compared the synthetic
images and data using the Bayesian inference, whose use was
first introduced in the RM analysis by Enßlin & Vogt (2003).
7.1. Bayesian inference
Because of the random nature of the intra-cluster magnetic field
fluctuations, the RM and fractional polarization images we ob-
serve are just one possible realization of the data. Thus, rather
than try to determine the particular set of power spectrum pa-
rameters, θ, that best reproduces the given realization of the
data, it is perhaps more meaningful to search for that distribu-
tion of model parameters that maximizes the probability of the
model given the data. The Bayesian inference offers a natural
theoretical framework for this approach.
The Bayesian rule relates our prior information on the dis-
tribution P(θ) of model parameters θ to their posterior proba-
bility distribution P(θ | D) after the data D have been acquired
P(θ | D) = P(D | θ)P(θ)
P(D)
, (10)
where P(D | θ) is the likelihood function, while P(D) is called
the evidence. The evidence acts as a normalizing constant and
4 The theoretical fractional polarization level FPOLtheor(ν/νb), ex-
pected for αinj = 0.5, is shown in Fig. 15 of Murgia et al. (2016).
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Table 7. Parameters of the magnetic field model.
Parameter Description Value Means of investigation
n Power spectrum index, |Bk|2 ∝ k−n Fixed; n = 11/3 −
Λmin Minimum scale of fluctuation, Λmin = 2pi/kmax Fixed; Λmin = 1 kpc −
Λmax Maximum scale of fluctuation, Λmax = 2pi/kmin Free 2-D simulations
〈B0〉 Strength at the cluster center Free 3-D simulations
η Radial index, 〈B(r)〉 = 〈B0〉
(
ne(r)
n0
)η
Free 3-D simulations
Col. 1: Parameters of the magnetic field model; Col. 2: Description of the parameters;
Col. 3: Value of the parameters in the simulations (Free or Fixed);
Col. 4: Type of simulation used to constrains the parameters (two-dimensional, three-dimensional)
OBSERVED  STOKES I OBSERVED  STOKES Q OBSERVED  STOKES U
SYNTHETIC  STOKES I SYNTHETIC  STOKES Q SYNTHETIC  STOKES U
Fig. 12. Example of observed (top panels) and synthetic (bottom panels) Stokes parameters for the SRT observations at 6600
MHz and 2.9′resolution.
represents the integral of the likelihood function weighted by
the prior over all the parameters space
P(D) =
∫
P(D | θ)P(θ)dθ. (11)
The most probable configuration for the model parameters
is obtained from the posterior distribution given by the product
of the likelihood function with the prior probability. We used a
Markov Chain Monte Carlo (MCMC) method to extract sam-
ples from the posterior probability distribution. In particular,
we implemented the Metropolis−Hastings algorithm, which is
capable of generating a sample of the posterior distribution
without the need to calculate the evidence explicitly, which
is often extremely difficult to compute since it would require
exploring the entire parameters space. The MCMC is started
from a random initial position θ0 and the algorithm is run for
many iterations by selecting new states according to a transi-
tional kernel, Q(θ, θ′), between the actual, θ, and the proposed
position, θ′. The proposed position is accepted with probability
h = min
[
1,
P(D | θ′)P(θ′)Q(θ′, θ)
P(D | θ)P(θ)Q(θ, θ′)
]
. (12)
We chose for Q a multivariate Gaussian kernel. TheMCMC
starts with a number of “burn-in” steps duringwhich, according
to common practice, the standard deviation of the transitional
kernel is adjusted so that the average acceptance rate stays in
the range 25%−50%.After the burn-in period, the randomwalk
forgets its initial state and the chain reaches an equilibrium dis-
tribution. The burn-in steps are discarded, and the remaining set
of accepted values of θ is a representative sample of the poste-
rior distribution that can be used to compute the final statistics
on the model parameters.
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Fig. 13. Bayesian two-dimensional analysis of the RM structure function S (∆r) and depolarization ratio FPOL/FPOL0(λ
4). Top
right panel: image of the posterior distribution of the model parameters along with one-dimensional marginalizations. Top left
panel: The dots represent the observed S (∆r) (error bars are comparable to the size of the symbols). The fan-plot represents
the population of synthetic RM structure functions from the posterior distribution. Bottom left panel: Depolarization ratio as a
function of λ4 for the southern lobe of 3C 40B. The dots represent the observed data while the fan-plot represents the population
of synthetic depolarization ratio extracted from the posterior distribution of model parameters. Bottom right panel: Depolarization
ratio as a function of λ4 for the northern lobe of 3C 40B.
7.2. 2D simulations
The polarization images at a resolution of 19′′ give a detailed
view of the magnetic field fluctuations toward the brightest
parts of the radio sources. For this reason, we performed a two-
dimensional analysis of these data, to constrain the maximum
scale of the magnetic field fluctuations Λmax, by fixing n=11/3
and Λmin = 1 kpc.
Within the power-law scaling regime (Enßlin&Vogt 2003),
the two-dimensional analysis relies on the proportionality be-
tween the magnetic field and the RM power spectra. On the ba-
sis of this proportionality, the slope n of the two-dimensional
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RM power spectrum is the same of the three-dimensional mag-
netic field power spectrum:
|RMk|2 ∝ k−n. (13)
We simulated RM images with a given power spectrum in
a two-dimensional grid. The simulations start in the Fourier
space, where the amplitudes of the RM components are se-
lected according to Eq. 13, while the phases are completely
random. The RM image in the real space is obtained by a fast
Fourier transform (FFT) inversion. We have taken into account
the dependence of the RM on the radial decrease of the thermal
gas density and of the intra-cluster magnetic field by applying
a tapering to the RM image:
RMtaper(r) =
(
1 +
r2
r2c
)−3β(1+η)+0.5
(14)
for which we fixed the parameters of the β-model (Sect. 4.3)
and we assumed in first approximation η = 1.
As a compromise between computational speed and spa-
tial dynamical range, we adopted a computational grid of
1024×1024pixels with a pixel size of 0.5 kpc. This grid al-
lowed us to explore RM fluctuations on scales as small as
Λmin = 1 kpc, which is smaller than the linear size of the
19′′ beam of the observations FWHM ≃ 6.8 kpc. At the
same time, we were able to investigate fluctuations as large as
Λmax = 512 kpc, i.e., comparable to the linear size of the radio
galaxy 3C40B in Abell 194.
To the aim of the Bayesian inference outlined in Sect. 7.1,
we adopted a likelihood of the form:
P(D | θ) =
∏
i
1
σsynth(i)
√
2pi
exp
−
1
2
[
Dobs(i) − Dsynth(i)
]2
σsynth(i)2
 ,(15)
where the observed data Dobs are compared to the synthetic
data Dsynth. The synthetic data are obtained by filtering simula-
tions as the observations (as described in Sect. 7). The scatter
σsynth includes both the simulated noise measurements, σnoise,
and the intrinsic statistical scatter of the synthetic data,σDsynth,
due to the random nature of the intra-cluster magnetic fields:
σ2
synth
= σD2
synth
+σ2
noise
. At each step of theMCMC, for a given
combination of the free parameters θ, we performed five sim-
ulations with different realizations of the fluctuations phases,
and we evaluated the dispersion σsynth.
In our two-dimensional analysis, the data D (observed
and synthetic) are represented by the azimuthally averaged
RM structure function S (∆r), and by the depolarization ratio
FPOL/FPOL0(λ
4). The posterior distribution for a given set of
model parameters is computed by considering the joint likeli-
hood of the RM structure function and of the depolarization
ratio all together. We applied the Bayesian method by choosing
priors uniform in logarithmic scale for the two free parameters:
normalization of the magnetic field power spectrum norm and
minimum wave number kmin.
In the top, right panel of Fig. 13 we show the image of
the posterior distribution for the two free parameters norm
and kmin. In addition, one-dimensional marginalizations are
shown as histograms along each axis of the image. The one-
dimensionalmarginalizations represent the projected density of
samples in the MCMC, which is proportional to the posterior
probability of that particular couple of model parameters.
To provide a visual comparison between synthetic and ob-
served data we present the fan-plots of the structure function
and of the depolarization ratio.
In the top left panel of Fig. 13 the dots represent the ob-
served RM structure function S (∆r) calculated using the RM
image of Fig. 10. The observed RM structure function S (∆r) is
shown together with the population of synthetic structure func-
tions extracted from the posterior distribution. Brighter pix-
els in the fan-plot occur where many different synthetic struc-
ture functions overlap each other. Thus, the fan-plot gives a
visual indication of the marginalized posterior probability of
the synthetic data at a given separation. Overall, the fan-plot
shows that the Kolmogorov power spectrum is able to repro-
duce the shape of the observed RM structure function, includ-
ing the large scale oscillation observed before the turnover at
∆r > 100 kpc. The turnover is likely caused by under-sampling
of the large separations imposed by the window function due
to the silhouette of the radio sources combined with the effect
of the tapering imposed by the dimming of the gas density and
magnetic field strength at increasing distances from the cluster
center. On small separations, ∆r < 6.8 kpc, the slope of the
structure function is affected by the observing beam. It is worth
mentioning that all these effects are fully taken into account
when simulating the synthetic I, Q, and U images.
In the bottom panels of Fig. 13 the dots represent
FPOL/FPOL0 as a function of λ
4 calculated in the southern
(left panel) and in the northern (right panel) lobe of 3C 40B,
respectively. The southern lobe, is slightly more depolarized
than the norther lobe. The statistics of the fractional polariza-
tion have been calculated considering only the pixels in which
FPOL>3σFPOL. The observed depolarization ratio as a func-
tion of λ4 is shown, together with the fan-plots of the synthetic
depolarization. In general, the Kolmogorov power spectrum is
able to reproduce the observed depolarization, as shown by the
fan-plots.
To summarize, the combined two-dimensional analysis of
RM structure function and fractional polarization allowed us
to constrain the maximum scales on the magnetic field fluctu-
ations to Λmax=(64±24)kpc, where the given error represents
the dispersion of the one-dimensional marginalizations.
The magnetic field auto-correlation length is calculated ac-
cording to:
ΛB =
3pi
2
∫ ∞
0
|Bk|2kdk∫ ∞
0
|Bk|2k2dk
, (16)
where the wavenumber k = 2pi/Λ (Enßlin & Vogt 2003). We
obtained ΛB=(20±8)kpc.
In the next step we fix this value and we constrain the
strength of the magnetic field and its scaling with the gas den-
sity with the aid of three-dimensional simulations.
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Fig. 14. Bayesian three-dimensional analysis of the σRM and 〈RM〉 as a function of the distance from the cluster center. Top right
panel: image of the posterior distribution of the model parameters along with one-dimensional marginalizations. Top left panel:
The dots represent the observed σRM profile as a function of the distance from the cluster center while the fan-plot represents
the population of synthetic σRM profile extracted from the posterior distribution of model parameters. Bottom left panel: The
dots represent the observed 〈RM〉 profile as a function of the distance from the cluster center while the fan-plot represents the
population of synthetic 〈RM〉 profile extracted from the posterior distribution of model parameters. The Galactic foreground of
8.7 rad/m2 (Oppermann et al. 2015), is indicated with a dashed line. Bottom right panel: Trend of the mean magnetic field with
the distance from the cluster center.
7.3. 3D simulations
The data at a resolution of 2.9′ are best suited to derive RM
information up to a large distance from the cluster center.
Therefore, we used these data to constrain the strength of the
magnetic field and its scaling with the gas density using three-
dimensional simulations.
We constructed three-dimensional models of the intra-
cluster magnetic field by following the numerical approach
described in Murgia et al. (2004). The simulations begin in
Fourier space by extracting the amplitude of the magnetic
field potential vector, A˜(k), from a Rayleigh distribution whose
standard deviation varies with the wave number according to
|Ak|2 ∝ k−n−2. The phase of the potential vector fluctuations is
taken to be completely random. The magnetic field is formed
in Fourier space via the cross product B˜(k) = ik × A˜(k). This
ensures that the magnetic field is effectively divergence free.
We then perform a three-dimensional FFT inversion to pro-
duce the magnetic field in the real space domain. The field is
then Gaussian and isotropic, in the sense that there is no privi-
leged direction in space for the magnetic field fluctuations. The
power-spectrumnormalization is set such that the averagemag-
netic field strength scales as a function of the thermal gas den-
sity according to Eq. 8. The gas density profile is described by
the β-model in Eq. 1, modified, as done in A2199 by Vacca et
al. 2012, to take into account of the presence of the X-ray cavity
detected in correspondence of the south lobe of 3C 40B.
We simulated the random magnetic field by using a cubic
grid of 10243 cells with a cell size of 0.5 kpc/cell. The simu-
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lated magnetic field is periodic at the boundaries and thus the
computational grid is replicated to cover a larger cluster vol-
ume.
The simulated RM images were obtained by numerically
integrating the magnetic field and the gas density product along
the line-of-sight, accordingly to Eq. 4. In the case of Abell 194,
the integration was performed from the cluster centre up to
1 Mpc along the line-of-sight. In a similar way to the two-
dimensional simulations, the simulated RM images were fil-
tered like the observations. Finally, we used the Bayesian ap-
proach to find the posterior distribution for 〈B0〉 and η. We de-
rived the observed profiles of σRM and 〈RM〉 as a function of
the distance from the cluster center by calculating the statistics
in five concentric annuli of 2.9′ in size. The annuli are centered
at the position of the X-ray centroid (see Sect. 4.3).
The slope n = 11/3 and the scales Λmin = 1 kpc and
Λmax = 64 kpc were kept fixed at the values found in the two-
dimensional analysis.
We applied the Bayesian method by choosing an uniform
prior for the distribution of η, and a prior uniform in logarithmic
scale for the distribution of 〈B0〉. At each step of the MCMC
we simulated the synthetic I, Q, and U images of 3C 40A and
3C 40B and we derived the synthetic RM image following the
same procedure as for the two-dimensional analysis. Using
Eq. 15, we evaluated the likelihood of the σRM and 〈RM〉 pro-
files by mean of ten different random configurations for the
magnetic field phases to calculate the model scatter σDsynth.
The result of the Bayesian analysis is shown in Fig. 14.
In the top right panel of Fig. 14, we present the image of the
posterior distribution of model parameters along with the one-
dimensional marginalizations represented as histograms.
In the top left panel of Fig. 14 we show the observed σRM
profile along with the fan-plot of the synthetic profiles from the
posterior. The dispersion of the RM increases toward the cluster
centre as expected due to the higher density and magnetic field
strength. The drop at the cluster center is likely caused by the
under-sampling of the RM statistics as a result of the smaller
size of the central annulus with respect to the external annuli.
In the bottom left panel of Fig. 14 we show the observed 〈RM〉
profile along with the fan-plot of the synthetic RM profiles ex-
tracted from the posterior distribution. In this plot it is evident
that the cluster shows an enhancement of the 〈RM〉 signal with
respect to the Galactic foreground of 8.7 rad/m2 (Oppermann
et al. 2015).
Finally, in the bottom right panel of Fig. 14 we show the
trend of the mean magnetic field with the distance from the
cluster center.
The degeneracy between the central magnetic field strength
and radial index is evident in the posterior distribution of
model parameters: the higher 〈B0〉 the higher η. However, we
were able to constrain the central magnetic field strength to
〈B0〉=(1.5±0.2)µG, and the radial index to η=(1.1±0.2). The
average magnetic field over a volume of 1 Mpc3 is as low as
〈B〉 ≃ 0.3 µG. This result is obtained by fixing the slope of
the magnetic field power spectrum to the Kolmogorov index.
However, we note that the central magnetic field strength de-
pends on the square root of the field correlation length ΛB (see
Eq. 16). The field correlation length in turn depends on a com-
bination of the power spectrum slope and Λmax and these two
parameters are degenerate: a flatter slope for instance leads to
a larger Λmax so that ΛB is preserved. Therefore, a different
choice of the power spectrum slope n should have a second-
order effect on the estimated central magnetic field strength.
Nevertheless, as a further check, we repeated the 2D Bayesian
analysis (not shown) by freeing all the power spectrum param-
eters: normalization, Λmin, Λmax, and n. The larger dimension-
ality implies larger uncertainties, due to the computational bur-
den needed to fully explore the parameters space. The maxi-
mum posterior probability is found for a slope n ≃ 3.6 ± 1.6,
which is in agreement, to within the large uncertainty, with the
Kolmogorov slope n = 11/3.
To our knowledge, the central magnetic field we deter-
mined in Abell 194 is the weakest ever found using RM data
in galaxy clusters. We note, however, that Abell 194 is a poor
galaxy cluster with no evidence of cool core.
It is interesting to compare the intra-cluster magnetic field
of Abell 194 to that of other galaxy clusters for which a similar
estimate is present in the literature. These are listed in Table 8.
In the left panel of Fig. 15 we show a plot of the central
magnetic field strength 〈B0〉 versus the mean cluster tempera-
ture, while in the right panel of Fig. 15 we show a plot of 〈B0〉
versus the central electron density n0.
Although the cluster sample is still rather small, and thus
all the following considerations should be taken with care, we
note that there is a hint of a positive trend between 〈B0〉 and
n0 measured among different clusters. On the other hand, no
correlation seems to be present between the central magnetic
field and the mean cluster temperature, in agreement with what
found by Govoni et al. (2010) in a statistical analysis of a sam-
ple of RM in rich galaxy clusters.
There are three merging clusters in the sample: Coma,
A2255, and A119. They all have quite similar central magnetic
field strengths despite Coma and A2255 host a giant radio halo
while A119 is radio quite. We confirm that cool core clusters
like Hydra and A2199 tend to have higher central magnetic
fields. In general, fainter central magnetic fields seems to be
present in less dense galaxy clusters. Actually, this result is cor-
roborated by the low central magnetic field found in this work
for the poor galaxy cluster Abell 194. The scaling obtained by
a linear fit of the log-log relationship is: 〈B0〉 ∝ n0.470 . This result
is in line with the theoretical prediction by Kunz et al. (2011),
who assume that parallel viscous heating due to turbulent dis-
sipation balances radiative cooling at all radii inside the cluster
core. Kunz et al. (2011) found in the bremsstrahlung regime
(that is T & 1 keV)
B ≃ 11ξ−1/2
(
ne
0.1cm−3
)1/2 ( T
2keV
)3/4
µG, (17)
where T is the temperature, while ξ is expected to range be-
tween 0.5 and 1 in a turbulent plasma. Following this for-
mula, the expected magnetic field at the center of Abell 194 is
1.05ξ−1/2µG. Although the central magnetic field found in our
analysis is in remarkable agreement with the value obtained
from Eq. 17, we note that we found a magnetic field which
scales with density as η = 1.1 ± 0.2, while according to Eq. 17,
we should expect η = 0.5. However, we did not included in
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Table 8. Cluster magnetic field values taken from the literature.
Cluster 〈B0〉 n0 T References
(µG) (cm−3) (keV)
Abell 194 1.5 0.69 2.4 This work
Abell 119 5.96 1.40 5.6 Murgia et al. (2004)
Abell 2199 11.7 101.0 4.1 Vacca et al. (2012)
Abell 2255 2.5 2.05 6.87 Govoni et al. (2006)
Abell 2382 3.6 5.0 2.9 Guidetti et al. (2008)
3C31 6.7 1.9 1.5 Laing et al. (2008)
3C449 3.5 3.7 0.98 Guidetti et al. (2010)
Coma 4.7 3.44 8.38 Bonafede et al. (2010)
Hydra 45.2 62.26 4.3 Laing et al. (2008)
Col. 1: Cluster; Col. 2: Central magnetic field; Col. 3: Central electron density;
References for n0, converted to our cosmology, are taken from:
This work (Abell 194); Cirimele et al. 1997 (A119); Johnstone et al. 2002 (Abell 2199);
Feretti et al. 1997 (Abell 2255); Guidetti et al. 2008 (Abell 2382);
Komossa & Bo¨hringer 1999 (3C31); Croston et al. 2008 (3C449);
Briel et al. 1992 (Coma); Wise et al. 2007 (Hydra).
Col. 4: Temperature; References for T are taken from:
This work (Abell 194); Reiprich & Bo¨hringer 2002 (Abell 119, Abell 2255, Abell 2199, Coma, HydraA);
Ebeling et al. 1996 (Abell 2382); Croston et al. 2008 (3C31, 3C449).
Col. 5: References for 〈B0〉.
For the comparison with the results by Laing et al. (2008), we converted Brms to 〈B0〉.
In the case of 3C 31, we report the magnetic field calculated without including X-ray cavities.
Fig. 15. Right panel: Plot of the central magnetic field strength 〈B0〉 versus the mean cluster temperature. Red dots indicate
cooling core clusters. Left panel: Plot of 〈B0〉 versus the central electron density n0. Red dots indicate cooling core clusters.
Dashed line indicates the scaling obtained by a linear fit of the log-log relationship: 〈B0〉 ∝ n0.470 . The shaded regions represent
the expected range of theoretical field strengths expected on the basis of the modeling by Kunz et al. (2011).
our analysis a possible scaling of B with the cluster tempera-
ture. If the intra-cluster medium is not isothermal, it is possible
to bring the magnetic field radial profile found in our analy-
sis in agreement with that in Eq. 17 supposing in Abell 194 a
temperature profile as steep as T ∝ r−1.4 at large radii (r> 0.2
R180). The temperature profile for Abell 194 is not known at
large radii, but the required temperature profile is much steep
than the typical temperature decreases found in galaxy clusters
which is T ∝ rµ with µ between 0.2 and 0.5 (e.g. Leccardi &
Molendi 2008).
In Fig. 15, we plot the expected range of magnetic field
strengths obtained by using Eq. 17. In the right panel, the up-
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per bound corresponds to ξ=0.5 and T=10 keV, while the lower
bound corresponds to ξ=1 and T=1 keV. In the left panel, the
upper bound corresponds to ξ=0.5 and n0 = 5 × 10−4 cm−3,
while the lower bound corresponds to ξ=1 and n0 = 0.15 cm
−3.
Indeed for some reason it seems that the model by Kunz et al.
(2011) seems to reproduce the scaling between central mag-
netic field and gas density among different galaxy clusters even
if in the case of Abell 194 the observed magnetic field scaling
with radius is significantly steeper than what they predict.
8. Summary and Conclusions
In the context of the SRT early science program SMOG (SRT
Multifrequency Observations of Galaxy clusters), we have
presented a spectral-polarimetric study of the poor galaxy
cluster Abell 194. We have analyzed total intensity and
polarization images of the extended radio galaxies 3C 40A and
3C 40B located close to the cluster center. By complementing
the SRT observations with radio data at higher resolution
and at different frequencies, but also with data in optical and
X-ray bands, we aimed at inferring the dynamical state of
the cluster, the radiative age of the radio galaxies, and the
intra-cluster magnetic field power spectrum. The SRT data
were used in combination with archival Very Large Array
observations at lower frequencies to derive both spectral aging
and RM images of 3C 40A and 3C 40B. The break frequency
image and the cluster electron density profile inferred from
ROSAT and Chandra observations are used in combination
with the RM data to constrain the intra-cluster magnetic field
power spectrum. Following Murgia et al. (2004), we simulated
Gaussian random two-dimensional and three-dimensional
magnetic field models with different power-law power spectra,
and we compared the observed data and the synthetic images
with a Bayesian approach (Vogt & Enßlin 2005, Vacca et al.
2012), in order to constrain the strength and structure of the
magnetic field associated with the intra-cluster medium. Our
results can be summarized as follows:
− To investigate the dynamical state of Abell 194 and
to obtain new additional insights in the cluster structure, we
analyzed the redshifts of 1893 galaxies from the literature,
resulting in a sample of 143 fiducial cluster members. The
picture resulting from new and previous results agrees in that
Abell 194 does not show any trace of a major and recent
cluster merger, but rather agrees with a scenario of accretion
of small groups, mainly along the NE-SW axis.
− The measured break frequency in the radio spectra
decreases systematically along the lobes of 3C40B, down to a
minimum of 850±120 MHz. If we assume that the magnetic
field intrinsic to the source 3C40B is in equipartition, the life-
times of radiating electrons result 157±11 Myrs, in agreement
with the spectral age estimate calculated by Sakelliou et al.
(2008). Furthermore, the radiative age of 3C40B is consistent
with that found in the literature for other sources of similar
size and radio power (Parma et al. 1999).
Table 9. Results of the intra-cluster magnetic field power spec-
trum in Abell 194.
Parameter Value
n 11/3 (fixed)
Λmin 1 kpc (fixed)
Λmax 64±24 kpc
ΛB 20±8 kpc
〈B0〉 1.5±0.2 µG
η 1.1±0.2
Col. 1: Parameters of the magnetic field model;
Col. 2: Results of the magnetic field parameters.
− Linearly polarized emission is clearly detected for both
sources and the resulting polarization angle images are used
to produce detailed RM images at different angular resolutions
(2.9′, 60′′, and 19′′). The RM images of Abell 194 show
patchy patterns without any obvious preferred direction, in
agreement with the standard picture that the Faraday effect is
due to the turbulent intra-cluster medium.
− The results of the magnetic field power spectrum in
Abell 194 are reported in Table 9. By assuming a Kolmogorov
magnetic field power law power spectrum (slope n=11/3) with
a minimum scale of fluctuations Λmin = 1 kpc, we find that the
RM data in Abell 194 are well described by a magnetic field
with a maximum scale of fluctuations of Λmax = (64 ± 24)
kpc. The corresponding magnetic field auto-correlation length
is ΛB=(20±8) kpc. We find a magnetic field strength of
〈B0〉=(1.5±0.2) µG at the cluster center. To our knowledge,
the central magnetic field we determined in Abell 194 is the
weakest ever found using RM data in galaxy clusters. We
note, however, that Abell 194 is a poor galaxy cluster with no
evidence of cool core. Our results also indicate a magnetic field
strength which scales as the thermal gas density. In particular,
the field decreases with the radius following the gas density to
the power of η=(1.1±0.2).
−We compared the intra-cluster magnetic field determined
for Abell 194 to that of a small sample of galaxy clusters for
which a similar estimate was available in the literature. No cor-
relation seems to be present between the mean central magnetic
field and the cluster temperature. On the other hand, there is a
hint of a trend between the central electron densities and mag-
netic field strengths among different clusters: 〈B0〉 ∝ n0.470 .
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